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Minimum miscibility pressure (MMP) is an important optimization parameter for an 
enhanced oil recovery process involving Carbon Dioxide or hydrocarbon gas injection. 
Therefore an accurate experimental measurement is required to determine the MMP. The 
MMP for a gas-oil system is directly related to the interfacial tension between the 
injected gas and the reservoir crude oil. When CO2 gas contacts the reservoir oil at 
reservoir temperature, the interfacial tension between the fluid-fluid phases reduces as the 
miscibility is approached and the interface between the fluid-fluid phases eventually 
disappears at miscibility i.e. the interfacial tension becomes zero. Hence, a pressure 
condition of zero interfacial tension at reservoir temperature is the minimum miscibility 
pressure for a CO2-reservoir crude oil system. The Vanishing Interfacial Technique (VIT) 
technique to determine MMP is based on this principle. Therefore, this research project 
involves the measurement of gas-oil interfacial tensions for a CO2-live reservoir oil 
system at reservoir conditions using the pendant drop and the capillary rise techniques to 
determine the minimum miscibility pressure through the VIT technique.  
Gas-oil interfacial tension, being a property of the interface between crude oil and 
gas, is strongly affected by the compositional changes induced by the counter-directional 
mass transfer (vaporizing, condensing or a combination of the two) of the various 
components taking place between the CO2 and reservoir oil. This study hence 
investigates the mass transfer mechanisms involved in these dynamic gas-oil interactions 
responsible for miscibility development by performing detailed compositional analyses, 
and density measurements. All the measurements were carried out at different ratios of 
fluid phases in the feed mixture (both molar and volumetric) for various pressures at the 
 xx
reservoir temperature in order to also study the effects of the initial feed composition on 
IFT and the phase compositions. 
This study has experimentally demonstrated that the gas-oil interfacial tension 
measured at varying feed compositions (i.e., initial gas-oil molar and gas-oil volume 
ratios) at reservoir temperature, although showing different relationships with pressure, 
converged to the same endpoint of zero-interfacial tension or similar minimum 
miscibility pressures. The effect of gas-oil molar ratios and gas- oil volume ratios on the 
compositions of the equilibrium phases for this CO2-reservoir fluid system proved that 
the mechanism involved in the mass transfer of hydrocarbon components between the 
fluid-fluid phases was a condensing gas drive mechanism. This study has demonstrated 
that the MMP determined from the VIT technique is independent of the compositional 















1.1 Problem Statement 
Traditionally primary production driven by natural energy present in the reservoir  
followed by a secondary recovery mechanism which includes waterflooding to displace 
oil to the producer, typically recover one third of the original oil in place thereby leaving 
two thirds behind. Primary production normally results in oil recoveries in the range of 
about 10% original oil in place, while secondary recovery methods will increase these 
recoveries up to 40% original oil in place. Enhanced oil recovery techniques are hence 
gaining importance as tertiary recovery processes beyond primary and secondary 
recovery processes in the production of oil and gas. 
Enhanced Oil Recovery (EOR) using carbon dioxide is a widely used technique 
and can increase the production of oil beyond what is typically achievable using the 
conventional recovery methods. The CO2 gas injection into crude oil reservoirs for 
improved oil recovery also facilitates the sequestration of CO2 into the underground 
geological formations. Thus CO2 flooding has the potential to not only increase the oil 
production to meet the increasing energy demand but also can sequester CO2 that would 
eventually result in the reduction of green house gas emissions into the atmosphere. 
CO2 gas is generally injected into the reservoirs either in immiscible or miscible 
condition. Miscible CO2 gas injection, where CO2 becomes miscible with the reservoir 
fluid at reservoir temperature, is the most widely used EOR process in the US today after 
thermal recovery processes and it accounts for significant EOR oil production. Crude oil 
is trapped in reservoirs after primary and secondary recovery methods due to the capillary 
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forces that exist between the rock and fluids, which prevent the oil from flowing in the 
porous reservoir rocks thereby by leaving behind huge amounts of residual oil in the 
reservoirs. When CO2 is injected into these oil reservoirs, it will interact favorably with 
the crude oil and mobilizes the trapped oil that otherwise unrecoverable by conventional 
processes while maintaining reservoir pressure and this will result in an efficient oil 
displacement. Carbon Dioxide dissolves in oil, swells the oil, reduces its viscosity and 
lowers the interfacial tension between the fluid phases and all these favorable interactions 
associated with CO2 gas will help to recover the huge amounts of the trapped oil in the 
reservoirs. Zero interfacial tension between the fluid phases is the necessary and 
sufficient condition for CO2 gas to achieve complete miscibility with the reservoir oil, 
which will therefore result in the most efficient displacement of oil by the gas. 
An accurate determination of optimum conditions required for gas-oil miscibility 
in the laboratory is important for maximum economic oil recovery in the field. Minimum 
miscibility pressure (MMP) hence becomes the most important optimization parameter 
for determining gas-oil miscibility at reservoir conditions. The laboratory methods used 
to determine MMP are the slim-tube displacement test, rising bubble apparatus, PVT 
experiments, surface laser light scattering spectroscopy (SLLS) and the vanishing 
interfacial technique (VIT) technique. 
In the slim tube experiments a packed tube is filled with reservoir oil and this 
reservoir oil is displaced by injecting a solvent (usually gas) to obtain oil recoveries at 
breakthrough and after breakthrough. The criteria for determining MMP is arbitrary and 
depends on recovery performance curves obtained for oil recoveries as a function of 
pressure in the immiscible portion and miscible portion. They are very time consuming 
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(4-5 weeks) and cannot provide information on the controlling drive mechanisms 
involved in the miscible gas injection. 
The rising-bubble apparatus method involves filling a glass tube with reservoir oil 
and then allowing the gas bubble (injection gas) to flow thorough the reservoir oil. The 
criteria for determining the minimum miscibility pressure are indicated by the shape of 
the bubbles rising through the oil column both below MMP and above MMP. The 
method is qualitative in nature involving the indirect interpretation of MMP by visual 
inspection of gas bubbles, hence providing no information on oil recoveries and 
compositions of the fluid phases. 
Surface Laser Light Scattering Spectroscopy (SLLS) involves the indirect 
determination of interfacial tension by using an optical arrangement that permits a beam 
of laser light to be incident upon the fluid-fluid interfaces generating interfacial or 
capillary waves and the intensity of the scattered angle is measured using a spectrum 
analyzer. The method performs badly at low interfacial tension values and there is also 
the problem of the laser light causing thermal distortion of the fluid interfaces, thus 
resulting in masking the scattering of the capillary waves. 
PVT experiments that involve multiple contacts of the injection or equilibrium 
gas with the original oil or previously contacted equilibrium oil are the solubility-
swelling tests and multi-contact tests and these tests are represented by constructing 
pressure-composition diagrams (P-X). The tests are very expensive and require large 
amounts of reservoir fluids to conduct the experiments. 
The disadvantages from the above conventional laboratory tests and their inability 
to directly measure gas/oil interfacial tension are overcome by the new vanishing 
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interfacial technique (VIT) which uses the concept that interfacial tension reduces as gas-
oil miscibility approach. The VIT method involves calculating the gas-oil interfacial 
tension of the fluid-fluid phases from the shapes of the drops (pendant drop technique) 
that is captured by a digital video camera using the axisymmtery drop shape analysis 
software (ADSA) at various pressures and enrichment levels in the gas phase at reservoir 
temperature and was demonstrated by Rao (1997). The method is quantitative in nature 
and fast (1-2 days). The validation of the VIT technique was successfully demonstrated 
by Ayirala (2005) in standard gas-oil systems using the capillary rise technique. VIT 
measurements so far were not performed on a depleted crude oil-CO2 system. One of the 
objectives of this research study is to extend this investigation to an actual depleted live 
crude oil-CO2 system at reservoir conditions that was not done by others. No attempts 
were made so far that could include a detailed compositional analysis to infer information 
on mass-transfer interactions and determine the controlling mechanism (Vaporizing, 
Condensing or Both) that govern the gas-oil miscibility. Furthermore, compositional 
dependence of VIT technique with varying gas-oil ratios (molar and volumetric) has not 
been investigated in real crude live oil-CO2 systems. All these aspects that have not been 
studied in the present literature therefore constitute the problem statement for this study 
and define the justification in carrying out this experimental study. 
1.2 Objectives 
The objectives of this study are: 
• To determine the minimum miscibility pressure of a CO2-depleted live reservoir 
fluid system at reservoir temperature by measuring the gas-oil interfacial tension, 
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using the vanishing interfacial tension technique (VIT) by the pendant drop and 
capillary rise techniques. 
• To characterize the mass transfer interactions between CO2 and live reservoir fluid 
by carrying out compositional measurements and densities of the fluid-fluid 
phases at varying pressure at reservoir temperature. 
• To investigate the gas-oil ratio effects on fluid phase compositions and interfacial 
tension, and hence on VIT miscibility conditions. 
1.3 Methodology 
Live reservoir fluid from a depleted oil field in Louisiana was used in this study to 
accomplish the above objectives. The experiments were carried at reservoir temperature 
and at various pressures. The following experimental tasks were performed to determine 
the minimum miscibility pressure of the depleted reservoir oil with CO2 gas at reservoir 
conditions. 
1. Perform gas-oil IFT measurements by the pendant drop technique using 
axisymmetric drop shape analysis (ADSA) software and the capillary rise 
technique at various pressures at reservoir temperature (238
o
F) and at a specific 
constant gas-oil molar ratio of fluid phases in the feed mixture. 
2. Perform density measurements of the equilibrated gas and oil phases at each 
pressure. 
3. Perform compositional analysis of equilibrated gas and oil phases at each pressure 
and measure the molecular weight of the equilibrated oil phase at each pressure. 
4. Repeat the steps 1, 2 and 3 for a different set of constant gas-oil molar ratio of 
fluids at different pressures. 
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5. Repeat the steps 1, 2 and 3 for one specific constant gas-oil volume ratio of fluids 
at different pressures. 
6. Repeat the steps 1, 2 and 3 for a different set of gas-oil volume ratio of fluids at 
different pressures. 
The preliminary experimental tasks performed in this study to initiate gas-oil 
interfacial tension measurements as well as to assist the accomplishment of the research 
objective were: 
• Measurement of stocktank oil composition and molecular weight. 
• Preparation of live reservoir fluid by the recombination of stocktank oil and 
separator gas. 
• Compositional analysis of the live recombined reservoir fluid. 
• Determination of bubble point pressure at ambient temperature of the live 
recombined reservoir fluid to conduct the gas-oil IFT measurements with CO2 gas 
above the bubble point pressure of the reservoir oil. 
• Measurement of densities of live recombined reservoir fluid at ambient 
temperature (75°F) and reservoir temperature (238°F) at a range of pressures 
above the bubble point pressure of live recombined reservoir fluid. 
• Measurements of viscosities of live recombined reservoir fluid at reservoir 
temperature (238°F) and at various pressures. 
The completion of all the above mentioned objectives and the experimental tasks 
will provide a detailed investigation and experimental determination of gas-oil interfacial 
tension, compositional dependent mass transfer effects, and the minimum miscibility 
 7 
pressure of a CO2-depleted reservoir fluid system at reservoir conditions for varying gas-

























2.1 Current Status and Impact of EOR on United States Oil Production 
The cumulative production of oil reserves accounts for approximately one-third of 
the original oil in place. The U.S. Department of Energy (DOE) estimates 400 billion 
barrels of oil in place as a stranded resource (2006) and could be the target for EOR 
processes. The U.S. Department of Energy has further stated that the state-of-the-art 
enhanced oil recovery with Carbon Dioxide has now been recognized as a potential way 
of dealing with greenhouse gas emissions and this would help add another 89 billion 
barrels to the recoverable oil resources of the United States. Carbon Dioxide flooding 
which is on the verge of an explosive growth due to technology advances, higher oil 
prices, reduced costs and environmental needs have made it a well-established method 
and the fastest-growing enhanced oil recovery technique in the United States. The types 
of gases injected into the reservoir for oil recovery are hydrocarbon, nitrogen, carbon 
dioxide and flue gases. 
Enhanced Oil Recovery (EOR) processes requires the injection of solvents into 
the porous media, which include steam in heavy oil fields, air for in-situ combustion, CO2 
floods for lighter oils and heavier oils, hydrocarbon miscible gas in lighter oils, chemicals 
and polymer in lighter oil fields. The mechanism involved in the EOR processes when 
solvents are injected in the reservoir fluid are interactions with the reservoir rock/oil 
system by dissolving in oil, swelling oil, lowering oil viscosity, altering the rock 
wettability and lowering interfacial tension between fluid phases. 
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Seventy-five active CO2 floods operate in five countries producing 191 million 
bopd of incremental enhanced reserves or about 8.4% of the reported total worldwide 
EOR production. Projects in the U.S. comprise about 95% of the current worldwide CO2 
EOR production. Floods in Canada, Turkey and Trinidad produce the remaining CO2 
EOR reserves. Miscible CO2 floods in the U.S. are the only EOR projects that have 
consistently and significantly increased annual EOR production. This was stated in the 
SPE’s CO2 Monograph (1992). 
Martin and Taber (1992) have stated that gas injection is one of the oldest 
methods used to improve oil recovery and its use has increased continuously and is 
proving to be effective in both carbonate and sandstone reservoirs. Ultimate incremental 
oil recovery from CO2 floods in the U.S. was estimated to be 8 to 15 billion barrels 
depending on future oil prices and economic demand which continues to grow. On the 
field scale, incremental recoveries are projected at 7% to 23% of the original oil in place. 
All large CO2 floods are miscible displacements of medium to high API gravity oils and 
are used either as secondary or tertiary injection operations. Most large CO2 floods are 
used as tertiary injection operations in mature oil reservoirs that have been water flooded 
for years. 
Oil and Gas Journal’s (2006) exclusive EOR survey shows that the industry 
continues to increase the number of carbon dioxide injection projects. Table 2.1 shows 
that EOR has contributed 649,000 bpd to the US oil production which is a 141,000 bopd 
decrease from the previous survey (OGJ, 2004) due the production from heavy oil 
projects in California which reached a maximum of 480,000 bopd in 1986 and has 
declined to the current 286,000 bopd in 2006. It can also be inferred from Table 2.1 that 
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CO2 miscible injection increased oil recovery from 4.7% in 1986 to 54% in 2006. Table 
2.2 indicated that the number of active US CO2 miscible projects increased from 7.4% in 
1986 to 52% in 2006. 
Table 2.1: Summary of US EOR production (Ref.: Oil and Gas Journal, 2006) 
Year Thermal Chemical Gas Other Total
Immiscible Miscible
b/d, 1000 b/d, 1000 b/d, 1000 b/d, 1000 b/d, 1000 b/d, 1000
1986 479.67 16.90 108.22 0.00 604.79 1.35 28.44
1988 464.91 22.50 131.00 0.00 618.40 0.42 64.19
1990 454.21 11.86 190.63 0.00 656.70 0.10 95.59
1992 460.69 2.19 298.02 0.00 760.91 0.10 144.97
1994 418.57 1.89 288.63 0.00 709.09 - 161.49
1996 424.08 0.14 299.35 0.00 723.57 - 170.72
1998 445.97 0.14 313.54 0.00 759.65 - 179.02
2000 417.68 1.66 328.76 0.00 748.09 0.07 189.49
2002 371.46 0.06 297.48 0.00 669.00 0.07 187.41
2004 345.51 0.06 317.88 0.00 663.45 0.10 205.78
2006 301.70 0.00 347.62 0.00 649.32 2.70 234.42
Carbon Dioxide Flood
 
Table 2.2: Summary of active US projects (Ref.: Oil and Gas Journal, 2006) 
Year Thermal Chemical Gas Other Total
Immiscible Miscible
1986 201 206 104 1 512 28 38
1988 152 124 90 0 366 8 49
1990 154 50 91 0 295 4 52
1992 153 49 89 2 293 2 52
1994 116 30 79 1 226 1 54
1996 115 12 84 1 212 1 60
1998 100 11 87 1 199 - 66
2000 92 10 74 0 176 1 63
2002 65 4 78 0 147 1 66
2004 56 4 83 0 143 1 70
2006 55 0 97 0 152 2 80
Carbon Dioxide Flood
 
Occidental Permian Limited initiated a CO2 injection project in the North Hobbs 
Unit at the end of the Permian Basin, NM, in 2003 after a peak water flood resulted in a 
decline in oil production and reported an increase in oil production from 5000 bopd to 
more than 11,000 bopd. 
Thus it can be inferred from the above discussion that the CO2 miscible 
displacement process which results from multiple-contacts between the injected gas and 
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reservoir oil to develop an in-situ composition alteration and generate miscibility is 
recognized as an important and the fastest growing enhanced oil recovery process in the 
industry. 
2.2 Oil Recovery Techniques 
Crude Oil recovery techniques have been traditionally divided into three 
categories mainly primary, secondary and tertiary oil recovery, depending on when they 
are likely to be implemented in a typical oilfield. 
2.2.1 Primary Oil Recovery 
Primary recovery produces oil and gas using the natural pressure of the reservoir 
as the driving force to push the fluids to the surface and is typically applied during the 
initial production phase of an oilfield reservoir. Natural energy reservoir drive, which is 
the difference between the pressure in the reservoir and the bottom of the oil producing 
well, is a combination of a number of physical mechanisms like, 
• Natural Water Drive where the water layer rises below the oil column in the 
reservoir thus displacing oil into the well due to the inflow of water into the 
reservoir from adjacent aquifers. 
• Gas Cap Drive in which the natural gas expands at the top of the reservoir thus 
displacing the oil downwards into the direction of production wells. 
• Solution Gas Drive that results from the dissolution and the expansion of gas 
initially dissolved in the reservoir oil. 
• Gravity Drainage resulting in the movement of oil from the upper to the lower 
parts within a reservoir into the direction of the producing wells driven by 
gravitational forces. 
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The primary oil recovery factor yields about 10% of the original oil initially in 
place (OOIP). 
Wells are often stimulated through the injection of fluids, which fracture the 
hydrocarbon-bearing formation to improve the flow of oil and gas from the reservoir to 
the wellhead. Other techniques, such as pumping and gas lift help production when the 
reservoir pressure dissipates. 
2.2.2 Secondary Recovery 
When primary recovery is no longer economical or viable, secondary recovery 
techniques are applied to produce the residual oil and gas. They rely on the supply of 
external energy into the reservoir in the form of injecting fluids into the reservoir to 
increase the reservoir pressure thus helping the reservoir to restore or replace the natural 
energy drive with an artificial energy drive. This is typically achieved by injection of 
water into the reservoir by drilling a number of injection wells and is known as 
waterflooding. Other liquids or gases may be injected to achieve the same goal. The 
secondary oil recovery factor from water flooding operations typically yields about 30% 
of original oil in place (OOIP). 
Ultimate oil recovery achievable by secondary recovery techniques (Stalkup, 
1984) is limited due to three factors: 
• Permeability stratification, viscous fingering, gravity segregation and incomplete 
areal sweep out, result in a volumetric sweep of the reservoir volume of less than 
100%. 
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• All the oil displaced from the swept reservoir volume not captured by producers 
as some oil goes to re-saturate unswept rock that has been partially depleted of 
fluids by primary recovery. 
• Rock pore structure (dead end pores filled with oil) and due to the immiscibility 
between oil and water, and between oil and natural gas, leading to high residual 
oil saturation left in the rocks behind the advancing injection fluid, resulting in an 
incomplete oil displacement of the rock that was swept by the injection fluid. 
2.2.3 Tertiary Recovery 
On average, the oil recovery factor after primary and secondary operations is 
between 30-50% of the original oil in place. Tertiary recovery methods are applied to 
reservoirs where the residual oil saturation is greater than 50%, left behind from primary 
and secondary processes. 
 
Figure 2.1: Typical sequence of oil recovery techniques in an oil field 
Figure 2.1 shows that up to 30% of original oil in place can be recovered from the 
currently practiced tertiary recovery methods. Tertiary recovery techniques are applied 
towards the end of life of an oil field to produce the fluids that cannot be recovered by 
primary and secondary techniques. This can be achieved by injecting steam, chemicals or 
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gas into the reservoir in order to alter the flow characteristics of the crude oil and the 
rock-fluid interactions in the reservoir. 
2.3 Fundamentals of Enhanced Oil Recovery (EOR) 
EOR is used for recovering of oil from petroleum reservoirs where the residual oil 
saturation is about 50% beyond that recoverable from primary and secondary recovery 
techniques. EOR involves the injection of fluid or fluids into the reservoir that are not 
normally present. The injected fluids must be capable of supplementing the natural 
energy drive present in the reservoir, interact with the rock-oil system by lowering 
interfacial tension, induce a wettablity alteration and mobilize the oil droplets trapped by 
capillary forces to create conditions favorable for oil displacement to a production well. 
This is established by increasing both the microscopic sweep efficiency (ED) at the pore 
level and the macroscopic sweep efficiency (EV) affecting the largest possible volume of 
the reservoir and is expressed in terms of displacement efficiency (E) by the equation 2.1 
(Green and Willhite, 1998). 










ED is a measure of initial oil saturation Soi and the residual oil saturations Sor in the 
regions contacted by the fluid and is a function of fluid viscosities, volume injected and 
the relative permeability curves of the rock. 
IAV EEE ×= ……………………………………………………………………………2.3 
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EA is the areal sweep efficiency defined as the area swept divided by the target total 
reservoir area for a given reservoir or pattern and is a function of fluid mobilities, pattern 
type, areal heterogeneity, extent of field development and total volume of fluid injected. 
EI is the vertical sweep efficiency defined as the pore space invaded by the injected fluid 
divided by the pore space enclosed in all layers behind the location of the leading edge of 
the flood front and is a function of vertical heterogeneity and degree of gravity 
segregation (dip, horizontal and vertical permeability). 
The physical/chemical interactions that could occur between the displacing and 
displaced fluids that could lead to efficient microscopic displacement efficiency are 
miscibility between fluids, reduction of interfacial forces between the fluids, expansion of 
the oil volume, and reduction in the oil viscosity. Macroscopic displacement efficiency 
can be improved by maintaining favorable fluid mobilities and large density differences 
between the displaced and displacing fluids (Green and Willhite, 1998). 
An ideal EOR process (ED and EV approach 1) would be one in which the 
displacing fluid removed all oil from the pores contacted by the fluid, contacted the total 
reservoir volume and displaced oil to the production well and one that maintains a 
favorable mobility ratio with the fluid being displaced. EOR processes function by 
decreasing the effective viscosity of the displaced fluid relative to the displacing fluid and 
that can be achieved either by increasing the viscosity of the injected fluid (polymer 
flooding) or by decreasing the oil viscosity (thermal, immiscible/miscible CO2 flooding). 
After review of literature on classification of EOR processes (Green and Willhite-
1998, US DOE, Lake-1989), EOR techniques fall into four categories namely chemical, 
thermal, and microbial and gas flooding. 
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2.3.1 Chemical Process 
Chemical processes involve the injection of specific liquid chemicals like 
surfactants or polymers that can effectively displace oil by reducing the interfacial 
tension between the displacing liquid and oil and changing the rock surface wettablity.  
Polymer flooding is used under certain reservoir conditions to decrease the 
mobility ratio of a waterflood. Adding a water soluble polymer to the waterflood results 
in increase in viscosity and decrease in aqueous phase permeability, causing a low 
mobility ratio (Lake, 1989). This increases the efficiency of the waterflood, resulting in a 
larger percentage of oil recovery.  
Alkaline flooding is a process in which alkaline chemicals or caustic when 
injected into the reservoir react with petroleum acids in the reservoir rock resulting in the 
in-situ formation of surfactants that help release the oil from the rock.  
Mycellar polymer flooding involves the injection of a mycellar slug containing a 
mixture of a surfactant, co-surfactant, alcohol brine and oil that moves the oil bearing 
formation and releases the oil trapped in the rock  
The use of chemical flooding has decreased because of its high costs and 
excessive chemical losses within the reservoir. 
2.3.2 Thermal Process 
Thermal processes involve the use of steam and in-situ combustion for recovery 
of heavy oil. 
In cyclic steam stimulation (also known as the huff and puff method) steam is 
injected into a production well for a specified period, the well is then closed for a while to 
 17 
allow the steam to heat the producing formation around the well and then opened for 
production until flow rate decreases to a point when the entire procedure is repeated.  
Steam stimulation is used to decrease the oil viscosity, oil swelling and steam 
stripping and the cumulative effect of these mechanisms is used on heavy (low API) low 
viscosity oils. 
In steam flooding, high temperature steam is injected into the reservoir to heat the 
oil. The oil expands, becomes less viscous and partially vaporizes thus allowing the fluids 
to be displaced towards production wells. Steam flooding is used for reducing the 
viscosity of oil, oil swelling, steam stripping and steam-vapor drive. The process can be 
used for both low viscosity (low API gravity) oils as wells as light oils. 
In in-situ combustion thermal energy is generated in the reservoir by burning a 
portion of the reservoir initiated by oxygen in air. The fire flood is maintained by igniting 
air to create a combustion zone that moves through the formation towards the production 
wells. Recovery mechanisms for in situ-combustion include reducing oil viscosity, 
vaporizing of fluids, and thermal cracking. 
2.3.3 Microbial Flooding 
Microbial flooding is performed by injecting a solution of micro organisms and a 
nutrient such as alcohol or industrial molasses down the injection wells into an oil 
bearing formation. The micro organisms feed on nutrients and metabolically produce 
products such as acids, surfactants, CO2 and hydrogen. These products act upon the oil in 
place thus moving the oil from the reservoir to the production wells. The microbial and 
nutrient solution and the resulting bank of oil and products are moved through the 
reservoir by means of drive water injected behind them. 
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2.3.4 Gas Miscible Flooding 
Displacement fluids (solvents) such as nitrogen, carbon dioxide, flue gas, natural 
gas or enriched natural gas that are miscible with oil under the favorable conditions of 
pressure, temperature and crude oil composition are injected into the reservoir to displace 
oil. Carbon Dioxide flooding is used to recover oil from the reservoir in which the initial 
pressure has been depleted through primary production and waterflooding processes. CO2 
is injected into the reservoir through the same water injection wells. As the CO2 is forced 
into the reservoir a transition zone of miscible CO2 and light hydrocarbons forms a front 
that is soluble with the oil which then moves to the production wells. 
 
Figure 2.2: Miscible CO2 process (US DOE) 
The initial CO2 slug is typically followed by alternating water and CO2 injection, 
to minimize the amount of CO2 required for the flood with water serving to improve the 
sweep efficiency (Figure 2.2). Carbon Dioxide is an efficient oil displacing solvent in an 
EOR process and it interacts with the oil (miscible/immiscible) by swelling the oil, 
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reducing oil viscosity, reducing oil density, exerting an acidic effect on the rock, 
vaporizing and extracting hydrocarbon components (C5-C30) from the oil, resulting in a 
displacement efficiency of 100% of the oil in the porous rock (Holm and Josendal, 1974). 
2.4 Theory of CO2-EOR 
Carbon Dioxide flooding processes are classified as immiscible or miscible even 
though CO2 and crude oils are not actually miscible upon first contact in the reservoir 
(Martin and Taber, 1992). 
2.4.1 Immiscible CO2 Process 
Immiscible CO2 recovery is a technique which is achieved primarily by reducing 
the oil viscosity, swelling of oil, and dissolved gas drive and is capable of sweeping the 
reservoir oil more effectively than water/polymer flooding. This combination of 
mechanism enables a portion of the reservoir’s remaining oil to be mobilized and 
produced. The areal sweep efficiency is increased by lowering the effective mobility ratio 
through a large reduction in oil viscosity. 
Reservoirs with low pressures, stock tank oil gravities of 10° to 25° API and 
viscosities less than 100 centipoises are typical candidates for immiscible CO2 
displacements. 
2.4.2 Miscible CO2 Process 
A miscible CO2 displacement process is supposed to remobilize and reduce the 
post waterflooding residual oil saturation in the reservoirs pore space. Miscible CO2 
recovery is a technique whereby CO2 dissolves in the crude oil resulting in swelling the 
net oil volume, reducing oil viscosity, eliminating interfacial forces between reservoir oil 
and the displacing gas and achieving miscibility with the reservoir oil due to  
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compositional changes and the mass transfer of hydrocarbon components between the 
reservoir oil and injection gas. These combined mechanisms improve the ability of the oil 
to flow out of the reservoir. Since the residual oil left in the reservoir after flooding is 
inversely proportional to the swelling factor, less oil will be left in the reservoir with 
greater swelling and the swollen oil droplets will force water out of the pore spaces thus 
creating drainage rather than imbibition (Klins, 1953). 
A miscible CO2 displacement process is subdivided into two processes: First-
Contact Miscible or Multiple-Contact Miscible processes. 
2.5 First-Contact Miscible Process (FCM) 
In the First-Contact Miscible process (FCM) the injected solvent is directly 
miscible in all proportions and forms a single phase with the reservoir oil on first contact. 
LPG, propane, butane are the solvents used for achieving first contact miscible flooding. 
For first-contact miscibility to occur with the reservoir oil, the displacement pressure 
must be above the cricondenbar, since all solvent-oil mixtures above this pressure are 
single phase. The cricondenbar of CO2 is high for first-contact miscibility to occur and 
hence at pressures lower than the cricondenbar, dynamic miscibility can be achieved with 
CO2 (Stalkup, 1984). Thus first-contact miscibility between CO2 and reservoir oil can be 
described as a process in which CO2 first meets fresh reservoir oil and becomes miscible 
with it on first contact to form a single phase fluid, without mass interaction between CO2 
and the reservoir fluid. 
The advantage of FCM using LPG, propane and butane is that miscibility is 
developed at low pressures with crude oils. The high cost of solvents is a major 
disadvantage for using FCM. Sometimes small volumes of solvent slugs (diluted with oil 
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and drive gas) are injected, but this has a disadvantage that the miscibility can to be lost 
and viscous fingering occurs whereby drive gas penetrates as small slugs and come into 
direct contact with oil, resulting in poor sweep efficiencies (Stalkup, 1984). 
2.6 Multiple-Contact Miscible Process (MCM) 
In the Multiple-Contact Miscible process, the injected fluid is not miscible with 
the reservoir oil on first contact. The process depends on the modification of the 
composition of the injected phase and oil phase through multiple contacts between phases 
in the reservoir and counter directional mass transfer of components between the fluid-
fluid phases to such a degree that the fluids become miscible as the injection phase moves 
through the reservoir and the oil enriched CO2 becomes undistinguishable from the CO2 
enriched oil. Under the optimum conditions of pressure, temperature and composition 
this compositional modification will generate miscibility between the displacing and 
displaced phases in the reservoir. Thus multiple-contact miscibility can be described as 
the thermodynamic state of equilibrium between the CO2 and reservoir fluid in which 
there has been a complete mass transfer of components from the reservoir fluid to the 
CO2 gas (vaporizing drive) and from the CO2 gas into the reservoir fluid (condensing 
drive). 
In miscible gas injection where by the oil/gas mixtures remain in single phase, the 
relative permeability between injected gas and oil and the relative wettability of the rock 
to oil and injected gas does not affect the recovery efficiency, as the process is one of 
purely fluid-fluid interaction.. A miscible CO2 injection process is effective in oil-wet and 
water-wet rocks and is not affected by mobile water remaining after a waterflood. 
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The mechanisms involved in the displacement of oil by CO2 in a dynamic 
multiple-contact miscible gas injection process are vaporizing, condensing or a 
vaporizing/condensing gas drive. 
2.6.1 Condensing Gas Drive (Enriched Gas Drive) 
In a condensing or enriched gas drive process the injected fluid contains 
significant amounts of intermediate molecular weight hydrocarbon components (C2 to 
C6). These hydrocarbon components are condensed from the injected fluid into the 
reservoir oil creating a band of enriched fluid, thereby modifying the oil composition to 
become miscible with additional injected fluid. The reservoir oil near the injection well 
will have an enriched composition through contact with the injected fluid first put into the 
reservoir. At low temperatures CO2 condensation into a CO2-rich liquid phase behaves 
like an enriched gas drive where an oil ring enriched with light hydrocarbons is formed 
around the wellbore and promotes miscibility between the reservoir oil and trailing 
injection gas (Klins, 1984). 
 
Figure 2.3: Ternary diagram of the condensing gas drive on a (modified from Stalkup, 
1984) 
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Figure 2.3 shows a ternary diagram by which condensing gas drive miscibility is 
achieved with injected gas and the displacement is not first-contact miscible since the 
mixtures of oil and injected gas fall in the two-phase region. To explain the processes, 
assume that Gas B is injected into the reservoir oil (first-contact) to give a mixture of 
overall composition M1 within the two phase region. The mixture M1 will split into two 
phases: a Gas G1 and a Liquid L1 determined by the equilibrium tie lines and they are in 
equilibrium at this point in the reservoir. Gas B pushes the mobile equilibrium gas G1 
ahead into the reservoir, leaving equilibrium Liquid L1 to contact fresh Gas B to give a 
new overall mixture M2 at this location. The mixture M2 will split into equilibrium Gas 
G2 and equilibrium liquid L2. Liquid L2 lies closer to the plait point than the liquid L1 left 
after the first contact. Continuous injection of Gas B will alter the composition of the 
liquid at the well bore until it reaches the plait point composition. The plait point fluid is 
directly miscible with the injection gas. The multiple-contacting process creates a 
transition zone of contiguously miscible liquid compositions from the reservoir oil 
compositions through the compositions L1, L2, L3 and P on the bubble point curve to the 
injected gas composition. At the same time the multiple-contacting process created a 
transition zone of gas compositions G1, G2, G3 and P along the dew point curve. By this 
multiple-contacting mechanism the reservoir oil is enriched with intermediate molecular 
weights hydrocarbons until it becomes miscible with the injected gas. This mechanism 
for the in-situ generation of miscibility is called the condensing gas drive or enriched gas 
drive process. 
The line tangent to the binodal curve is called the limiting tie line. The minimum 
pressure in a condensing process at which the limiting tie-line just passes through the 
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injected gas composition gives the minimum miscibility pressure. In the condensing 
MCM process, the injected gas composition must lie on or to the right and the reservoir 
oil composition must lie to the left of the limiting tie line. 
2.6.2 Vaporizing Gas Drive 
A Vaporizing Gas Drive process involves the vaporization of intermediate to 
higher molecular weight hydrocarbons (C5 to C30) from the reservoir oil to create a 
miscible transition zone. 
Holm and Josendal (1974) have put forward the following theory to explain 
vaporizing gas drive mechanism: 
CO2 extracts hydrocarbons (C5 to C30) from the reservoir oil until a sufficient quantity of 
these hydrocarbons exists at the displacement front to cause the oil to be miscibly 
displaced (frontal displacement). At that point the extraction stops until the miscible front 
that has developed breaks down through the dispersion mechanism. When the miscibility 
does not exist the extraction or vaporization mechanism again occurs to re-establish 
miscibility. 
Figure 2.4 shows the ternary diagram by which the vaporizing gas drive 
miscibility is achieved with injected gas. Reservoir oil A, which contains a high 
percentage of intermediate molecular weight hydrocarbons, is initially not miscible with 
the injected gas. The injected gas mixes with the reservoir oil A to give a new mixture of 
overall composition M1 after the first contact. Mixture M1 will split into two phases: gas 
G1 and liquid L1 that are in equilibrium at this point. The gas G1 will have a higher 
mobility than liquid L1, and hence subsequent injection of gas into the reservoir 
preferentially moves gas G1 further into the reservoir where it will contact fresh reservoir 
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oil. As a result of this second contact, a new mixture of overall composition M2 is 
reached with equilibrium gas G2 and equilibrium liquid L2. Liquid L1, left behind as 
residual oil saturation, mixes with fresh gas. Further injection causes the gas G2 to flow 
ahead and contact fresh reservoir oil. The composition of the gas at the displacing front is 
altered along the dew point curve until it reaches the plait point composition. The plait 
point fluid is directly miscible with the reservoir oil. A transition zone of contiguously 
miscible compositions is established from the reservoir oil composition to the injected 
gas composition. The line tangent to the binodal curve is called the limiting tie line. The 
minimum pressure in a vaporizing process at which the limiting tie-line just passes 
through the reservoir oil composition gives the minimum miscibility pressure. In the 
vaporization MCM process, the injected gas composition must lie to the left and the 
reservoir oil composition must lie to or to the right of the limiting tie line. 
 
Figure 2.4: Ternary diagram of the vaporizing gas drive on (modified from Stalkup, 
1984) 
2.6.3 Condensing/Vaporizing Gas Drive Process 
Zick (1986), proposed the following theory to explain the condensing/vaporizing gas 
drive mechanism: 
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When an enriched gas comes in contact with the oil, the light intermediates condense 
from the gas into the oil, making the oil lighter. The equilibrium gas is more mobile than 
the oil so it moves on ahead and is replaced by fresh injection gas, from which more light 
intermediates condense making the oil even lighter. As the light intermediates are 
condensing from the injection gas into the oil, the middle intermediates are being stripped 
from the oil into the gas. Since the injection gas contains none of these middle 
intermediates, they cannot be replenished in the oil. After a few contacts between the oil 
and the injection gas, the oil becomes essentially saturated in the light intermediates, but 
it continues to lose the middle intermediates which are stripped out and carried on ahead 
of the mobile gas phase. After the first few contacts make the oil lighter, by net 
condensation of the intermediates, subsequent contacts make the oil heavier, by net 
vaporization of the intermediates. The oil in place slightly downstream from the injection 
point will encounter the equilibrium gas and not the fresh injection gas which is a lean 
gas having lost most of its light intermediates, and has extracted small amounts of middle 
intermediates. There will be very little mass transfer between this gas and the oil. The gas 
that follows will be richer. The gas that comes through will be the gas that has passed 
over the oil that was saturated in the light intermediates and will have about the same 
amount of middle intermediates that was stripped from the oil over which it passed. Thus, 
it will be richer than the original gas and the oil that encounters this gas will receive 
slightly more condensable intermediates than the oil just upstream. 
The above process continues farther downstream, whereby the richer gas comes 
through as it has passed over an increasing amount of residual oil, extracting increasing 
amounts of middle intermediates. This is the vaporizing gas drive mechanism in which 
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the lean injection gas passes over an oil rich in intermediates, vaporizing these 
intermediates, until it becomes rich enough. The intermediates that were originally 
present in the gas, plus those that were stripped from the oil, condense when the gas 
encounters fresh oil downstream. This condensation proceeds like the condensing gas 
drive mechanism. The condensing region is at the leading edge of the enriched-gas 
displacement. The vaporizing region with low residual oil saturation is at the trailing 
edge. In between is the two-phase transition zone, the propagation of which results in a 
very efficient miscible displacement. 
2.6.4 Discussion on CO2 Drive Mechanisms 
Klins (1953) suggested that a number of mechanisms take place that may initiate 
oil displacement when CO2 is injected into an oil reservoir. CO2 may create a miscible 
front and hence miscibility is initiated by extraction of significant amounts of heavier 
hydrocarbons from C5 through C30, or at different reservoir conditions, CO2 saturates the 
reservoir fluids to an extent where the swollen crude is miscible with the trailing CO2 and 
may resemble enriched gas drive. This combination of mechanisms enables a portion of 
the remaining trapped oil to be mobilized and produced. 
Rathmel (1971) proposed that the miscible-like recoveries achieved by CO2 were 
a multiple-contact vaporization drive mechanism in which CO2 strips intermediates from 
the liquid until the composition is rich enough to be miscible with the original oil. 
Metcalfe and Yarborough (1979) have studied the phase behavior by performing 
various experiments on reservoir fluids using CO2 as the displacing phase and have 
concluded that more than one mechanism (vaporizing and condensing) is possible for a 
CO2-reservoir fluid system and that reservoir temperature and displacement pressure 
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determine the type of mechanism (vaporization, condensing or vaporizing/condensing) 
that will control the displacement process. 
Holm and Josendal (1982) conducted various displacement experiments by 
injecting CO2 into crude oil to show that the drive mechanism was one of vaporization 
due to the extraction of hydrocarbons (C5 through C30) from the oil. 
Stalkup (1984) and Zick (1986) performed various multiple-contact experiments 
backed by equation of state simulations to show that a combined condensing/vaporizing 
gas drive mechanism was responsible for several laboratory displacements of reservoir 
fluids by enriched gas. 
 
Figure 2.5: One dimensional schematic showing CO2 miscible process (US DOE) 
It can be inferred from the above discussions and Figure 2.5 that miscible CO2 
EOR involving the interaction between the injected CO2 and reservoir fluid is a multiple-
contact process in which CO2 will vaporize the light to intermediate components of oil 
into the injected CO2 phase and the rich CO2 gas will transfer the light intermediates by 
condensing into the oil phase as it moves through the reservoir, thus leading to the CO2 
becoming miscible (mixing in all proportions) with the reservoir fluid. 
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It can be further stated that miscibility between CO2 and reservoir fluid which is a 
dynamic multiple-contact process are functions of displacement pressure, reservoir 
temperature and composition of the oil and takes place due to compositional changes of 
the fluid-fluid phases resulting from the simultaneous counter-directional mass transfer of 
hydrocarbon components between fluid-fluid phases by the combined 
vaporization/condensing drive mechanism. 
2.7 Effects of Dispersion on Displacement Behavior 
 
Figure 2.6: Slim-tube profiles for a condensing/vaporizing gas drive mechanism (Zick, 
1986) 
Figure 2.6 shows that for a vaporizing/condensing drive process the equilibrium liquid 
densities will go through a minimum and maximum respectively and the equilibrium gas 
phase densities will go through a maximum and minimum respectively. The K-values 
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will initially converge to unity, reach an extreme and than diverge from unity. Figure 2.7 
shows that multiple contacts lead to concentrations converging as they approach a critical 
point but then diverge before the critical point is reached for a condensing/vaporizing gas 
drive process. 
 
Figure 2.7: Representation of a multiple-contact experiment on a ternary diagram (Zick, 
1986) 
The above anomalies are due to the effect of dispersion. The presence of dispersion 
obstructs the performance of injected solvents. In all miscible displacement processes 
miscibility or mixing of fluids occurs between the displacing and displaced fluids. The 
mixing of fluids is caused by dispersion, cross flow of fluids into and out of solvent 
fingers and cross flow of oil and solvent between communicating strata. 
Perkins and Johnston (1962) reviewed literature on diffusion and dispersion and 
have stated that in a displacement recovery process utilizing a zone of miscible fluid, 
there is a possibility of losing miscibility by dissipating the miscible fluid or by 
channeling or fingering through the miscible zones. Mixing and dissipation of solvent 
slugs are caused by diffusion and dispersion. Dispersion tends to dampen out viscous 
fingers which may be channeling through the miscible slugs. Diffusion and dispersion 
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through porous rocks, that may be detrimental or beneficial (prevents fingering through 
the miscible zone), influence miscible gas-oil mixing and displacement processes thus 
affecting displacement efficiency and oil recovery. 
The mechanisms that contribute to mixing between the reservoir fluids and 
solvent slugs are molecular diffusion, microscopic transverse and longitudinal convective 
dispersion, and macroscopic convective dispersion. If flow rates are very low then 
diffusion is the dominant dispersion mechanism. Dispersion is the controlling mechanism 
at the flow rates that exist in reservoir displacement processes, and results from the bulk 
flow or convective movement of fluids. Mixing of fluids by dispersion moderates the 
viscosity and density differences between solvent and oil and this moderation may be 
sufficient to alter the flow behavior significantly. Dispersion effects are likely to be 
greater in the field than in laboratory-conducted core flood and fluid-fluid interaction 
experiments. 
2.7.1 Molecular Diffusion  
Diffusion is the tendency of a high concentration substance to spread into 
neighboring regions. 
Grogan and Pinczewski (1987) have demonstrated through experiments that if 
sufficient time was allowed for diffusion of CO2 to swell the residual oil, high 
displacement efficiencies were achieved and hence molecular diffusion plays an 
important role in the recovery of water flood residual oil on the micro and pore scale. 
Molecular diffusion is present in all systems and results from the random thermal 
motion of molecules; there is no fluid movement. If two fluids are placed in contact with 
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an initially sharp interface across a straight capillary, the mixing caused by molecular 












G = quantity of material that has diffused across the plane, moles 
t = time 
Do = molecular diffusion coefficient, L
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The molecular diffusion coefficient, when applied to include the tortuous path of 
diffusion in the porous medium, gives an effective diffusion coefficient given by equation 








F = formation electrical resistivity factor 
ф = fractional porosity 
Taylor (1954) showed that when one fluid displaces a second fluid in a straight 
capillary, the velocity profile radially across the capillary would have a parabolic form 
and the maximum velocity would occur at the center of the capillary. He also showed that 
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if a certain criterion is met, transverse diffusion and longitudinal bulk flow will manifest 
themselves as a longitudinal diffusion phenomenon. 
2.7.2 Microscopic Convective Dispersion 
Perkins and Johnston (1962) stated that flow of fluids through the porous rocks 
results in additional mixing of the fluid phases due to uneven fluid flow and is called 
dispersion. Microscopic dispersion results from the flow paths caused by rock 
heterogeneities when flow occurs through connecting pores of unequal length resulting in 
subsequent mixing of fluids by molecular diffusion within the pores. 
Microscopic dispersion is subdivided into longitudinal and transverse dispersion. 
Figure 2.8 shows that when two fluids such as solvent and oil are mixed in a porous 
medium with one layer more permeable than the other, the solvent mixes with the oil by 
longitudinal dispersion in the direction of flow and transverse to the direction of flow in 
the less permeable layer known as transverse dispersion. 
 
Figure 2.8: Mixing of solvent and oil by longitudinal and transverse dispersion (Stalkup, 
1984) 
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The magnitude of dispersion is affected by particle size distribution of the porous 
medium, fluid saturations, oil/solvent mobility ratios, ratio of particle diameter to column 
diameter in laboratory cores and shape of particle. 
Longitudinal dispersion (parallel to the bulk fluid velocity) consists of additive 
contributions of mixing due to diffusion in pores and convection due to flow through and 











Kl = longitudinal dispersion coefficient 
Do= molecular diffusion coefficient 
F = formation electrical resistivity factor 
vl = interstitial longitudinal velocity 
άl = longitudinal dispersivity 
ф = fractional porosity 
At a velocity of 0.1 ft/D the convection term dominates and Kl depends on the term άlvl 
where άl is a function of average particle size and local heterogeneity. 
Transverse dispersion (perpendicular to the bulk fluid velocity) consists of 










Kt = transverse dispersion coefficient 
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Do= molecular diffusion coefficient 
F = formation electrical resistivity factor 
vt = interstitial longitudinal velocity 
άt = transverse dispersivity where άt ~ άl/30 
ф = fractional porosity 
2.7.3 Macroscopic Dispersion 
Macroscopic dispersion is caused by the fluctuations in the velocities of the 
individual fluid elements as they move thorough the porous medium (Warren and Skiba, 
1964). Macroscopic dispersion results from the flow paths caused by permeability 
heterogeneities in the permeability or porosity, and differences in the characteristics of 
the fluids involved. Reservoir dispersion tests have shown that mixing in some reservoirs 
can be significantly higher than that expected from the molecular dispersion and 
microscopic convective dispersion. 
2.7.4 Discussion on Diffusion and Dispersion Mechanisms 
Stalkup (1984) suggested that mobility ratios and gravity affect dispersion. If 
oil/solvent mobility ratios are less than one, the displacement front remains stable with 
little penetration of solvent into the oil other than the molecular diffusion and dispersion. 
The oil is displaced efficiently ahead of the solvent as gravity does not influence the 
segregation of the two fluids. If oil/solvent mobility ratios are greater than one, viscous 
instabilities develop between the oil and solvent, and the displacement of oil by solvent is 
not due to mixing by dispersion. The solvent becomes unstable and numerous solvent 
fingers develop and penetrate into the oil in an irregular fashion. These viscous fingers 
result in earlier breakthrough and a low oil recovery for a given volume of solvent 
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injected. Gravity suppresses dispersion for displacements where the less dense solvents 
overrides the denser oil or displaces the denser oil downwards. In miscible displacements 
not stabilized by gravity, transverse dispersion is more predominant than longitudinal 
dispersion as solvent fingers penetrate into the oil exposing a large surface area along the 
sides of the fingers over which transverse dispersion can occur. When a miscible flood is 
gravity stable, such as dipping reservoir, longitudinal dispersion predominates, whereby 
the solvent displaces the oil downdip with gravity keeping the oil and solvent segregated, 
thus preventing solvent fingers into the oil. 
Grogan and Pinczewski (1986) have stated that molecular diffusion does not play 
a very significant role in reducing the adverse effects of large scale bypassing resulting 
from gravity segregation, reservoir stratification and unfavorable mobility ratios (viscous 
fingering) in tertiary floods. 
According to Sehbi et al (2001) a lower solvent flow rate associated with a larger 
residence time (i.e. the time that the CO2 front has been moving through the reservoir) 
would enable a proper molecular diffusion of CO2 with the reservoir fluid to form a 
single fluid-fluid mixture and that this mixing would result in the effective interaction 
between the CO2 and reservoir fluid phases, yielding an improved microscopic 
displacement efficiency. They further state that at low solvent flow rates, diffusion is the 
dominant mixing mechanism resulting in high displacement efficiencies. At high solvent 
flow rates dispersion becomes the dominant mixing mechanism resulting in lower 
displacement efficiency. 
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It can be inferred from the above discussion that counter directional mass transfer 
of hydrocarbon components between two fluid phases takes place by diffusion due to the 
concentration gradient and dispersion. 
2.8 Physical Properties of CO2 
CO2 is a colorless, odorless, non-toxic, non-combustible gas found in a gaseous 
state at standard conditions and is soluble in water, alcohol and acetone. The molecular 
weight of CO2 is 44.01 g/mole. CO2 becomes supercritical above the critical temperature 
of 87.8°F and a critical pressure of 1071 psi. Below the critical temperature, CO2 exists 
either as a gas or a liquid over a wide range of pressures. Above the critical temperature, 
CO2 behaves as a vapor whose density increases as pressure increases and exists as a gas 
regardless of the pressure. At increasing higher than supercritical pressure CO2 vapor 
becomes and behaves more like a liquid. CO2 is soluble in water and forms a weak acid, 
carbonic acid. This acid byproduct may affect injectivity in carbonate reservoirs and has a 
corrosive effect on steel tubulars and surface equipment. 
 
Figure 2.9: Phase diagram of CO2 (ACP) 
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Figure 2.9 shows that at low temperatures and pressures CO2 is a solid. But at 
increasing temperatures and pressures, liquid phase appears and coexists with the solid 
and vapor at the triple point. From the triple point to the critical point on the curve, the 
liquid and vapor phase of CO2 coexist. At the critical point the densities of the 
equilibrium liquid phase and the saturated vapor phases become equal, and the distinction 
between them disappears resulting in the formation of a single supercritical phase. With 
increasing temperatures, the liquid-vapor density gap decreases, up to the critical 
temperature, at which the discontinuity disappears. Thus, above the critical temperature a 
gas cannot be liquefied by pressure. However, at extremely high pressures the fluid can 
solidify as shown in the figure 2.9. By definition, a supercritical fluid is a substance 
above both its critical temperature and pressure. 
Graphical representation of the physical properties of CO2 are shown in figures 
2.10, 2.11 and 2.12 respectively, and are plots of compressibility factor, viscosity and 
density of pure CO2 versus pressure and temperature. 
 
Figure 2.10: Compressibility factor versus pressure of CO2 (Stalkup, 1984) 
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Figure 2.11: Viscosity versus temperature at various pressures of CO2 (Stalkup, 1984) 
 
Figure 2.12: Density versus temperature at various pressures of CO2 (Stalkup, 1984) 
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CO2 is partially soluble in water and a portion of the CO2 injected in a miscible 
flood will dissolve in the formation water, thus reducing the volume of CO2 available for 
miscible displacement of the oil. CO2 solubility increases with pressure but decreases 
with increasing temperature and decreases with increasing salinity of brine. 
At many reservoir conditions the densities of oil and CO2 are similar and 
depending on temperature, pressure and oil composition, CO2 can be either less or more 
dense than the reservoir oil. CO2 has the ability to swell the oil, lower its viscosity, and 
reduce interfacial tension between fluid-fluid phases. Dense CO2 has the ability to extract 
hydrocarbons from oil more easily than gaseous CO2 depending on pressure, temperature 
and composition of the oil. At high pressure the density of CO2 is close to that of oil but 
its viscosity is low. Depending on the reservoir temperature and composition of the 
reservoir fluid the minimum density of CO2 required to achieve 94% oil in place by 
extraction and miscible type displacement for light oils is 0.420 g/cc and is close to the 
critical density of CO2 0.468 g/cc and most oils develop multiple-contact miscibility 
where the density of CO2 ranges from 0.5 g/cc to 0.7 g/cc (Holm and Josendal, 1982). 
2.9 Definition of Gas-Oil Miscibility 
The following definitions of gas-oil miscibility have been reported in literature 
(Rao and Lee, 2002). 
Miscible displacement is a process where there is an absence of a phase boundary or 
interface between the displaced and displacing fluids (Benham et al., 1965). Two fluids 
are miscible when they can be mixed together in all proportions and all mixtures remain a 
single phase (Stalkup, 1983). This indicates that the interfaces between the fluids are 
absent and no interfacial tension exists between the mixed fluid phases. Miscibility is that 
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physical condition between two or more fluids which permits them to mix in all 
proportions without the existence of interface (Holm, 1987). Two fluids that mix together 
in all proportions within a single fluid phase are miscible (Lake, 1989). Hence miscible 
solvents would mix in all proportions with the oil to be displaced. 
It can be inferred from the above cited literature that gas-oil miscibility is the 
absence of interface or zero interfacial tension between two fluid phases. 
2.10 Importance of Fluid-Fluid Displacements 
Hutchinson and Braun (1960) have stated the following to describe the 
importance of a fluid-fluid displacement system: 
Capillary forces cause the retention of residual oil behind a flood front after a secondary 
waterfloods thus trapping oil within the pores of the reservoir rock. These oil retaining 
capillary forces are a result of the boundary or interfacial tension between the in-place oil 
and the displacing fluid. If the interface between displaced and the displacing phases 
were removed, the capillary forces would also be removed and this would result in 
complete oil recovery in the swept area. Multiple-contact miscible displacement 
accomplishes this end. 
Holm (1982) has stated that after recovering the oil by conventional floods using 
water or gas, oil is left behind either because the injected fluids have not contacted it or 
capillary forces exists between the oil, the water and the porous rock in the contacted 
portions, thus trapping and retaining oil. For oil recovery processes to take place the 
injected fluids must contact bypassed oil, release trapped oil, or preferably do both. CO2 
displacement of reservoir oil has the potential to do both. Thus, when a substantial 
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interfacial tension (>0.1 dynes/cm) exists between the fluid phases in a porous medium, 
capillary forces prevent the complete displacement of one of those phases by the other. 
Whenever two or more fluids co-exist in a system of capillaries, the combination 
of surface tension and curvature due to the capillaries causes the two phases to experience 
different pressures. As the relative saturations of the phases change, it has been found that 
these pressure differences also change. The difference between the pressures of any two 
phases is referred to as the capillary pressure. Capillary pressure is the pressure required 
to drive a fluid through a pore throat and displace the pore-wetting fluid. As pore throats 
become smaller, higher capillary pressures are required to displace the pore-wetting fluid. 
Capillary pressure can be defined as the force per unit area and is the difference in 
pressure between two immiscible fluids across a curved interface at equilibrium. 
Curvature of the interface results from the preferential wetting of the capillary walls due 
to the interaction of the fluid-solid surface forces, fluid-fluid interfacial forces and 






Pc = capillary pressure 
σ = oil-water interfacial tension 
θ = contact angle 
r = capillary pore throat radius 
The injection of CO2 into an oil reservoir would reduce the capillary forces to a 
minimum if the interfacial tension between the injected fluid and the trapped oil is 
reduced to zero. Hence, it is important to determine the gas-oil minimum miscibility 
 43 
pressure, because this is the lowest pressure at which miscibility is developed between 
the injected gas and reservoir fluid. This results in the mobilization and the release of the 
trapped oil from the porous medium, thus improving the overall displacement efficiency 
and oil recovery. 
Interfacial tension through capillary forces plays an important role in the 
determination the flow behavior of hydrocarbon fluids in porous rocks (Asar and Handy, 
1987). 
In a miscible displacement process CO2 directly mixes and forms a single phase 
with the reservoir oil when mixed at all proportions with it at the conditions existing at 
the interface between the injected gas and the reservoir oil being displaced. This result in 
the elimination of interfacial tension forces between the oil and displacing fluid, the 
capillary number (ratio of capillary to viscous forces) becoming infinite (higher the 
capillary number lower the residual oil saturation) and a low residual oil saturation 
(Stalkup, 1984). 
Determination of CO2-reservoir fluid minimum miscibility pressure (MMP) is 
important in screening and selecting reservoirs for CO2 injection in order to have 
economical attainable displacement efficiency over a significant volume of reservoir. A 
low CO2 injection pressure would result in low displacement efficiency and a high CO2 
injection pressure would result in uneconomical high cost of injection pressures. Hence, 
an optimum miscible CO2 displacement process can be applied to reservoirs by injecting 
CO2 at pressures higher than the MMP but lower than the average reservoir pressure. 
Minimum miscibility pressure is one of the most important parameters in the 
determination of optimum operating conditions involving miscible CO2 displacement 
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processes for evaluation of gas-oil miscibility and the value must be accurately 
determined by performing laboratory experiments. 
2.11 Definition of Gas-Oil Minimum Miscibility Pressure (MMP) 
The degree of miscibility is often expressed in terms of the minimum miscibility 
pressure (MMP) between the reservoir fluid and the injection gas. Definitions of 
multiple-contact miscibility relate to recovery performance curves from laboratory 
displacement tests. Miscible gas displacement is characterized by high oil recovery of 
greater than 90% in slim-tube displacement experiments.  
The following are some definitions of minimum miscibility pressure as reported 
in literature; 
• Minimum Miscibility Pressure for a CO2-reservoir fluid system is defined as the 
pressure at which 80% of the oil in place is recovered at CO2 breakthrough and 
94% of the oil in place at a production gas/oil ratio (GOR) of 40,000 SCF/BBL is 
ultimately recovered (Holm and Josendal, 1974). At MMP a sufficient volume of 
the extracted hydrocarbons is present at the displacement front to maintain the 
residual oil saturation at a minimum value throughout the flooding path. 
• Minimum Miscibility Pressure is defined as the lowest pressure at which all oil 
available for recovery can be displaced by 1.2 pore volumes of injected solvent 
(Metcalfe, 1982). 
Thus, the criteria used by various researchers for interpreting the displacements 
have included gas breakthrough, ultimate recoveries at a given volume of solvent 
injection, visual observations of core effluents, compositions of produced gases and 
liquids, shape of breakthrough, and ultimate recovery curves versus pressure. MMP is 
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related to interfacial tension, thus when two fluids approach miscibility their interfacial 
tension approaches zero (Rao, 1997). Hence at MMP gas and oil become a single phase. 
2.12 Effects of Various Parameters on Minimum Miscibility Pressure (MMP) 
The following conclusions are summarized by Holm and Josendal (1982) relative 
to the development of CO2 displacements: 
• Dynamic miscibility occurs when the density of CO2 is sufficiently greater than 
dense gaseous CO2, or when liquid CO2 solubilizes the C5 thorough C30 
hydrocarbon components in the reservoir oil. 
• Reservoir temperature has an effect on the pressure required to achieve the CO2 
density necessary for miscible displacement. As reservoir temperature increases 
MMP increases. 
• MMP is inversely related to the total amount of C5 through C30 hydrocarbon 
components present in the reservoir oil. The more these hydrocarbon components 
are present in the oil, the lower the MMP. 
• MMP is affected by the molecular weight distribution of C5 through C30 
hydrocarbon components in the reservoir oil. Low molecular weight hydrocarbons 
in the gasoline range promote miscibility and result in a lower MMP. 
• MMP is also affected to a lesser degree by the types of hydrocarbon components 
present in the reservoir oil, e.g. the presence of aromatics results in a lower MMP 
compared to paraffins of the same boiling range. 
• Development of dynamic miscibility does not require the presence of C2 through 
C4 hydrocarbons. 
• The presence of methane does not change the MMP appreciably. 
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Hoier and Whitson (2000) have studied and provided the following variations in 
minimum miscibility pressure and minimum miscibility enrichment with depth for near-
critical and gas condensate reservoirs:  
• Miscibility varies with depth due to gravity induced compositional gradients and 
the variation depends strongly on the miscibility drive mechanism. 
• In oil reservoirs MMP increases with depth for a vaporizing and 
condensing/vaporizing gas drive mechanism. MMP will always be greater than or 
equal to the bubble point pressure in a vaporizing gas drive mechanism and 
greater than or less than the bubble point pressure in a vaporizing/condensing gas 
drive mechanism. 
• In gas-condensate reservoirs MMP variation with depth follows exactly the dew 
point variation with depth when miscibility develops by the vaporizing gas drive 
mechanism. 
• In gas-condensate reservoirs using enriched injection gas, the 
condensing/vaporizing gas drive will be lower than the dew point pressure. 
• In lean gas-condensate reservoirs, dispersion strongly influences the development 
of miscibility by the condensing/vaporizing gas drive mechanism. 
• In a depleted retrograde condensate reservoir, the composition of the retrograde 
condensate at the start of the cycling project controls the condensing/vaporizing 
MMP. 
A number of displacement techniques have been used by experimental 
investigators for determining miscibility of gas-oil systems. These include miscibility 
displacements experiments in horizontal and vertical porous media of various lengths and 
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diameters and various flow rates, long and coiled tubing’s packed with sand or glass 
beads, vertical sand packs or porous media under gravity stable conditions. The important 
factors in the design of displacement experiments to determine the minimum miscibility 
pressure are that dynamic miscibility should be attained over negligible path lengths and 
that complete sweep out should occur after injection of 1.2 pore volumes of solvent 
(Stalkup, 1984). 
2.13 Review of Experimental Methods to Determine Gas-Oil Minimum Miscibility 
Pressure at Reservoir Conditions 
Minimum Miscibility Pressure (MMP) and Minimum Miscibility Enrichment 
(MME) are the two most important parameters to evaluate miscibility conditions between 
gas and reservoir oil because for the attainment of high oil recoveries the CO2 minimum 
miscibility pressure must be lower than the average reservoir pressure of the reservoir 
(Yellig and Metcalfe, 1980). The minimum miscibility pressure is the lowest pressure at 
which injected gas establishes dynamic multiple-contact miscibility with the reservoir 
fluid at reservoir temperature. The minimum miscibility enrichment is the lowest possible 
enrichment of the injection gas with C2 through C4 hydrocarbon components with the 
reservoir fluid at reservoir temperature.  
The experimental methods used to determine gas-oil miscibility at reservoir 
conditions are classified into two groups. The first group involves studying the effects of 
fluid-fluid interactions using displacement techniques includes the slim-tube, the rising 
bubble point apparatus and multiple-contact pressure/volume/temperature (PVT) 
experiments. The second group involves the determination of gas-oil miscibility at 
reservoir conditions by measuring the interfacial tension using the surface laser light 
scattering spectroscopy (SLLS) and the new vanishing interfacial tension technique. 
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2.13.1 Slim-Tube Displacement Test 
Figure 2.13 is a schematic of a slim tube apparatus. Slim tubes consist of a 0.25 
inch outer diameter coiled tubing from 25ft to 75ft in length, packed with uniform sized 
sand or glass beads of 100-200 mesh size, housed in a constant temperature controlled 
oven. The sand packed coil or glass beads provide a good medium for mixing of CO2 and 
oil in a flowing multiple-contact process. 
 
Figure 2.13: Slim-tube apparatus (Danesh, 1998) 
The tube is initially saturated with live reservoir fluid at reservoir temperature 
above the bubble point pressure of the oil. CO2 at reservoir temperature and displacement 
pressure is injected into the reservoir fluid contained in the packed tubing from the top of 
tubing to promote a gravity stable displacement. The gas is injected initially at a very 
slow rate of 1.2-2.5 m/hr and then increased slightly after 0.6 pore volumes of gas have 
been injected. The pressure drop between the inlet and outlet of the tubing is kept to a 
minimum throughout the displacement experiment and is controlled by attaching a back 
pressure regulator to the outlet. The injection rate is continued to obtain oil recoveries at 
breakthrough and after injection of 1.2 pore volumes of gas, or a when a producing gas 
oil ratio of 40,000-50,000 SCF/STB is achieved, after which the displacement is 
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terminated. The slim tube effluents are flashed at atmospheric conditions in a separator 
and the rate of recovery (gas volumes and oil volumes) and density and composition of 
the produced fluids are measured. The transition zone of the effluent phases is monitored 
as it flows through a high pressure sight glass. The gas breakthrough is indicated by 
monitoring the effluent gas composition and an increase in the producing gas-oil ratio. 
The miscibility conditions are determined by conducting the displacement experiments at 
various pressures and monitoring the oil recovery at various pressures. Data obtained 
from these tests are used to distinguish miscible from immiscible displacements. Figure 
2.14 is a plot of oil recovery at 1.2 pore volume of gas injected versus pressure and shows 
that the recovery-pressure curve starts to flatten when the displacement becomes 
miscible. The plot also describes the intersection of two lines that define both an 
immiscible and miscible performance regime. 
 
Figure 2.14: Plot of percent oil recovery versus pressure (Yellig and Metcalfe, 1980) 
The choice of break point (immiscible/miscible) and criteria for determining the 
minimum miscibility pressure with a slim tube is somewhat arbitrary. Holm, Graue and 
Zana (1981) defined MMP as the lowest pressure at which 90% oil is recovered at 1.2 
hydrocarbon pore volumes of CO2 injected. Josendal (1982) defined MMP as lowest 
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pressure at which 80% of the in place oil recovered at gas breakthrough and 94% at a 
GOR of 40,000 SCF/BBL. 
Yellig and Metcalfe (1979) monitored the changing colors of the produced oil 
(Figure 2.16) to distinguish between the immiscible (clear vapor and dark or red colored 
fluids) and miscible (clear and orange or yellow fluids) phases by observing the phase 
conditions of the effluent oil as it passed through the high pressure sight glass. 
 
Figure 2.15: MMP obtained from change in color of the produced oil (Yellig and 
Metcalfe, 1998) 
The disadvantages associated with the slim tube technique are: 
• It requires long experimental times to conduct a single displacement pressure. 
Generally, one day is required to run the test, a second day for cleaning and a 
third day to resaturate the packed tube with the live reservoir fluid. Hence, it is 
expensive. 
• There is a lack of a proper design and operating procedure and this can result in 
excessive pressure drops. 
• There are no precise miscibility criteria, resulting in the indirect interpretation of 
miscibility, such as prediction of MMP, from the oil recovery curves. 
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• Asphaltene precipitation can completely plug slim tubes. 
2.13.2 Rising Bubble Point Apparatus 
 
Figure 2.17: Rising bubble apparatus (Christiansen and Kim, 986) 
Christiansen and Kim (1987) and later reproduced by Elsharkawy et al. (1992) 
have described a rapid apparatus (Figure 2.17) to determine the minimum miscibility 
pressure using the rising bubble point technique. The apparatus consists of a flat 
rectangular glass tube mounted vertically in a high temperature sight gauge in a 
temperature controlled bath. The glass tube has an internal cross section of 0.04 by 0.20 
inches and the visual portion of the tube is 8 inches long. The tube is backlit for visual 
observation of the tube contents. A hollow needle is mounted at the bottom of the sight 
gauge and protrudes into the rounded portion of the glass tube. The tip of the needle is 
about 1-2 inches below the flat portion of the tube. The gas bubble and its behavior are 
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monitored using a motion track optical system consisting of a video camera mounted on a 
rail parallel to the path of the rising bubble. The magnified view of the bubble is 
monitored on the screen and recorded on a video cassette for subsequent viewing. An 
image processor installed on the computer captures and digitizes selected bubble images. 
Initially, the sight gauge with the glass tube and the hollow needle are filled with distilled 
and deionized water. Then, oil is injected downward into the flat glass tube displacing the 
water, resulting in the lower portion of the glass tube to be filled with water and the 
remainder of the tube to be filled with oil. Removal or addition of water helps adjust the 
pressure to the desired level inside the sight gauge. When a gas bubble is introduced at 
the tip of the hollow needle in the water phase, the bubble rises through the water, 
immediately penetrates the water-oil interface because low water-oil interfacial tension, 
and moves up through column of oil. The penetration of the gas bubble through the 
water-oil interface will be delayed as the water-oil interfacial tension increases. The delay 
causes the diffusion of gas at the water-oil interface to lower the interfacial tension to the 
point where the buoyant force lifting the gas bubble is sufficient to overcome the 
adhesive forces holding the bubble, and eventually the bubble breaks through the 
interface. After one or more bubbles have risen thorough the oil column, the oil gets 
contaminated and is replaced with fresh oil. 
The criteria for determining the minimum miscibility pressure are indicated by the 
shape of the bubbles rising through the oil column. At pressures below the MMP, the 
bubble is spherical as the gas is partially dissolved in the oil. At or above the MMP, the 
bubble develops a wavy tail and becomes ellipsoidal to ellipsoidal cap with the gas-oil 
interface vanishing from the bottom of the bubble as interfacial tension reduces to zero. 
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At pressures higher than the MMP, the bubble forms a skirted ellipsoidal cap which 
disperses very rapidly and disappears into the oil. 
The rising bubble point is a direct visual observation of miscibility and requires 
less than two hours to conduct the experiment and determine the MMP. The rising bubble 
point technique is not affected by asphaltene precipitation and requires fluids to 
determine the MMP. The main disadvantages associated with this technique are: 
• The method is suitable only for vaporizing gas drive processes. 
• The method cannot provide quantitative information to support results. 
• The method depends on the interpretation of miscibility from visual observations 
of the shapes of gas bubbles. 
2.13.3 Pressure/Volume/Temperature (PVT) Experiments 
PVT experiments designed to simulate gas injection processes involve multiple 
contacts of the injection or equilibrium gas with the original oil or previously contacted 
equilibrium oil. The swelling or single contact test is the most common of a batch type 
gas injection experiment. Static equilibrium tests which closely simulate continuous 
contact of injection gas and reservoir fluid are the forward multiple contact (vaporizing 
gas drive) and the backward multiple contact experiments (condensing gas drive). 
In the swelling experiment a known amount of reservoir fluid is loaded into a 
PVT cell set at reservoir temperature (Figure 2.18). The bubble point pressure and the 
corresponding liquid volumes in the two phase region of the original reservoir fluid are 
measured. A small amount of injection gas expressed as molar percentage of gas per 
molar percentage of original reservoir fluid at the start is progressively added to the 
reservoir fluid. After each addition of gas, the mixture saturation pressure and liquid 
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volumes in the two phase region are measured. A constant mass expansion test is then 
conducted on each mixture prior to the next gas addition. 
 
Figure 2.18: Schematic of swelling test (Whitson and Brule, 2000) 
The data are represented on a pressure-composition diagram (P-X) as shown in figures 
2.19 and 2.20. 
 
Figure 2.19: Experimental P-X diagram of mixtures of lean natural gas and reservoir oil 
(Whitson and Brule, 2000) 
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Figure 2.20: Variations of mixture saturation pressure with methane added to light oil 
(Danesh, 1998) 
Figure 2.19 depicts the saturation pressure profile changing from a bubble point to 
a dew point for various reservoir fluid-dry gas mixtures. From figure 2.20 it is evident 
that the initial addition of gas into the original reservoir fluid results in bubble point 
pressures until the critical point is reached after which further additions of gas will result 
in a dew point pressure where the mixture behaves as a gas. Compositions of the 
equilibrium oil and equilibrium gas are determined at a pressure close to the operating 
injection pressure and the critical point on the P-X diagram. 
 
Figure 2.21: Schematic of forward multiple-contact experiment (Danesh, 1998) 
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The forward multiple contact experiment is designed for vaporizing gas drive 
processes. This experiment simulates conditions at the injection front, in which reservoir 
fluid and gas are contacted at reservoir pressure and reservoir temperature. The 
equilibrated gas from each contact is removed and mixed with fresh original reservoir oil 
for the next contact, thus simulating gas advancement in the reservoir (Figure 2.21). The 
volume, density and compositions of the equilibrated oil and equilibrated gas phases are 
measured at each contact. The developed gas either reaches miscibility with the original 
reservoir fluid if the experiment were conducted at a pressure greater than the MMP; 
otherwise the experiment provides information on how efficiently the developed gas 
vaporizes the original oil without achieving miscibility.  
 
Figure 2.22: Schematic of backward multiple-contact experiment (Danesh, 1998) 
The backward multiple contact experiment is designed for the enriched gas drive 
processes. In this experiment the equilibrium oil from a given contact is mixed with 
original injection gas in the next contact (Figure 2.22). The volume, density and 
compositions of the equilibrated oil and equilibrated gas phases are measured at each 
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contact. The backward multiple contact experiment can be used to simulate retrograde 
condensation by lean gas injection into a depleted gas condensate or volatile oil reservoir. 
PVT experiments designed to simulate gas injection processes as described above 
provide valuable data such as densities, viscosities, fluid compositions, k-values and 
volume phases. They are also useful in tuning an equation of state in reservoir simulation. 
The main disadvantages associated with PVT experiments are: 
• They are time consuming and cumbersome. 
• Expensive. 
• Require large amounts of fluids. 
2.13.4 Interface or Surface Laser Light Scattering Spectroscopy (ILLS or SLLS) 
Interface Surface Laser Light Scattering Spectroscopy (ILLS) involves the 
measurement of gas-oil interfacial tensions and crude oil viscosities at reservoir 
conditions. The technique has been described in detail by Dorshow (1995) and Lindeberg 
et al. (1996). The technique is based on the principle that fluid-fluid interfaces are 
constantly being deformed by the thermal fluctuations of the molecules at the interface. 
The excitations or deformations are low amplitude (< 1 nm) thermally generated 
interfacial or capillary waves with wavelengths in the micrometer range and an amplitude 
that is a random function of time. The temporal behavior of the amplitude of these 
capillary waves called riplons (surface tension waves of thermal origin) are governed by 
fluid properties i.e. interfacial tension is the principal restoring force and bulk viscosity is 
the principal temporal damping mechanism. When a laser beam of low intensity is 
incident upon the interface, a small part of the incident intensity is scattered around the 
reflected beam because of the interfacial waves. An interfacial wave or riplon (of 
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wavelength λ and wave number q = 2pi/λ) scatters incident laser light at a well defined 
angle θ to the reflected beam. For a given angle θ the scattered intensity has the same 
time dependence as the amplitude of the interfacial wave number q, responsible for 
scattering. ILLS measures this time dependence in the form of an autocorrelation 
function of the scattering intensity (Fourier transform) or the intensity of the scattered 
light. 
 
Figure 2.23: SLLS cell (Dorshow, 1995) 
The SLLS cell shown in Figure 2.23 consists of a three inch stainless steel cube with 
a cell volume of 35 cm3. The cell has separate inputs for the gas and liquid phases. The 
cell is housed in an aluminum jacket that has four heater cartridges and a solid insulation 
layer surrounds the jacket. The cell design has an optical arrangement that permits the 
laser light to be incident upon the fluid interface through either of the two fluid phases 
and the measurement of the intensity of the scattered angle by using a spectrum analyzer. 
The fluids are loaded into the SLLS pressure cell sequentially. Firstly, reservoir fluid is 
introduced into the cell. A piston screw pump for pressure generation containing a 
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hydrocarbon gas mixture is then connected to the cell through the upper phase input. 
After the oil and gas are loaded into the cell the fluids are equilibrated for 6 hours. A 
series of pressure measurements are performed to obtain interfacial tension at each 
experimental pressure indirectly from correlation functions obtained at various scattering 
angles. The main disadvantages of this technique associated with this technique are: 
• Macroscopic distortion masks the scattering of the capillary waves due to heating 
of the surface liquid by the incident laser beam. 
• It has a high signal to noise ratio. 
• There is always a chance of photo thermal distortion of the interface. 
• It performs badly at low values of interfacial tension. 
2.13.5 The New Vanishing Interfacial Tension (VIT) Technique 
Rao (1997) has described a new technique, the vanishing interfacial tension 
technique, to determine gas-oil miscibility and consists of measuring the interfacial 
tension between the injected gas and reservoir fluid phases at reservoir temperature and at 
varying pressures and or enrichment levels (composition) of the injected gas. 
The experimental setup used to measure interfacial tension is shown in Figure 
2.24. It consists of a high pressure optical cell made of Hestalloy, with glass sapphire 
windows on the opposite side. The optical cell consists of a capillary tube at the top 
through which oil drops are allowed to hang within the surrounding gas phase. A fluid 
handling system consisting of a piston pressure vessel, high pressure pumps and a back 
pressure regulator achieves elevated pressures. The entire system is housed in an oven. 
The glass windows allow the capture of drop profile images by using a light source on 
one side and a camera system on the opposite side. The camera was connected to a 
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monitor and a computer equipped with image capture board and image analysis software 
called the axisymmetric drop shape analysis program (ADSA) that was used to iteratively 
calculate gas-oil interfacial tension. 
 
Figure 2.24: High pressure and high temperature experimental system (Rao, 1997) 
A gas mixture of desired composition was charged into the preheated high 
pressure optical cell maintained at reservoir temperature and desired pressure of 
operation. The original reservoir fluid at reservoir temperature and desired operating 
pressure was then allowed to enter the gas phase in the optical cell in the form of a 
pendant drop from the top of the capillary tube. Initially about 6 ml of reservoir fluid was 
added drop wise to the cell and the drop profile images of the first few drops were 
captured on a video tape for later determination of first-contact interfacial tension. The 
gas and oil are then allowed to interact for over 18 hours. Fresh original reservoir fluid 
was once again added drop wise to the optical cell at the same reservoir temperature and 
desired operating pressure from the top of the capillary tube and the drop profile images 
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of the drops were captured on a video tape. The equilibrium gas composition was 
measured and its density was calculated using the CMG WinProp software. The density 
of the equilibrated oil phase was measured using a PAAR DMA 45 density meter 
equipped with a PAAR DMA 512 external measuring cell. The above experiment is then 
repeated over a range of pressures and the gas-oil interfacial tension is measured at each 
pressure from the shape of the pendant drop using the axisymmetry drop shape analysis 
(ADSA) program. 
 
Figure 2.25: Interfacial tension measurements at varying gas compositions (Rao, 1997) 
Figure 2.25 shows the gas-oil interfacial tension measured at varying pressures at 
reservoir temperature (96°C) for three C2+ enrichment levels: 9.3%, 21.4% and 29.4% 
The MMP was found to be 62.9 MPa when C2+ concentration range in the gas phase was 
9.08-9.49%, 57.8 Mpa when C2+ concentration range in the gas phase was 21.24-21.65% 
and 31.8 MPa when C2+ concentration range in the gas phase was 28.9-29.8%. 
The minimum miscibility pressure obtained using the new VIT technique agreed 
closely with that obtained from the conventional slim tube technique and that predicted 
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from Benham and Kuo correlations for enrichment levels higher than 30 mole% C2+ as 
shown in Figure 2.26  
 
Figure 2.26: Comparison of VIT with slim tube and correlations (Rao and Lee, 2002) 
This indicates that the compositional dependence of the VIT technique appears to agree 
with the mass transfer mechanisms occurring in the slim tube and the Benham and Kuo 
correlations. This confirms that the vanishing interfacial tension technique is a reliable, 
accurate and fast technique to determine miscibility conditions. 
The main disadvantage of multiple-contact displacement processes are that 
microscopic displacement efficiencies range from 90% to 97% (not 100%), due to 
dispersion and mixing at the microscopic level. Most of the disadvantages associated 
with the techniques used in the determination of gas-oil miscibility such as the slim tube, 
rising bubble point apparatus and the surface laser light scattering spectroscopy have 
been overcome by the vanishing interfacial tension technique. 
The main concerns that need do be addressed with this new technique are the 
compositional dependence, and the measurement of the interfacial tension of gas-
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reservoir fluid systems as miscibility approaches using different gas-oil volume ratios, 
and different gas-oil molar ratios. This was the objective of the current study.  
Since the objective of this study mainly deals with the measurement of gas-oil 
interfacial tension as two fluid phases approach miscibility, various sources of literature 
have been reviewed and described below regarding the definition and influence of 
interfacial tension on gas-oil miscibility and interfacial measurement techniques. 
2.14 Theory of Interfacial Tension (IFT) 
In dealing with multiphase hydrocarbon systems it is necessary to consider the 
effect of the forces acting at the interface when two immiscible fluid phases are in 
contact. When the two fluids, liquid and gas, are in contact, they are separated by a well 
defined interface referred to as the liquid surface, which has a thickness of a few 
molecular diameters and has all the properties of the contacted fluid phases. The 
combination of all active forces determines the wettability and capillary pressure of a 
porous rock. Considering oil and gas as the fluid phases, an interfacial tension always 
exists between them. A molecule of oil which is remote from the interface is surrounded 
by other oil molecules, thus having a resulting net attractive force on the molecule of 
zero. However, a molecule at the interface has force acting upon it from the gas lying 
immediately above the interface and the oil molecules below the interface. The resulting 
forces are unbalanced and give rise to interfacial tension. The unbalanced attractive force 
between the molecules creates a membrane-like surface. A certain amount of work called 
the surface free energy of the liquid is required to move an oil molecule from within the 
body of the liquid through the interface. Surface free energy is defined as the work 
necessary to create a unit area of new surface and is expressed in units of ergs per 
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centimeter. Interfacial tension is the force per unit length required to create a new surface 
and is expressed in units of dynes per centimeter. Hence, interfacial tension is a measure 
of the cohesive (excess) energy present at an interface arising from the imbalance of 
forces between molecules at an interface (gas/liquid). Interfacial tension being a 
thermodynamic property is strongly affected by pressure, temperature and composition of 
the fluid-fluid phases. If the properties of the two fluid phases approach each other, the 
interfacial tension between the fluid-fluid phases decreases and finally approaches zero 
indicating that miscibility between the two fluid phases has been reached, thus forming a 
single phase. Hence, IFT is considered to be a good indication of fluid phase equilibria. 
Ayirala et al. (2006) have reviewed literature on the effect of interfacial tension 
on mass transfer and suggested the dependence of fluid-fluid interfacial tension on mass 
transfer between the bulk fluid phases across the interface. The time-dependant variations 
in the interfacial tension when two immiscible fluids, such as a multi-component oil and 
CO2 are brought into contact are a result of various mass transfer interactions of 
hydrocarbon components taking place from the oil to gas and gas to oil to reach 
thermodynamic equilibrium and are reflected by variations in interfacial tension. Hence, 
dynamic interfacial tension reflects dynamic interactions between the fluid phases due 
variations in thermodynamic conditions, resulting from the dynamic property changes 
from one equilibrium state to another. The various mass transfer interactions commonly 
occurring between the CO2 and reservoir fluid systems have been discussed in detail in 
sections 2.5 and 2.6 of this chapter. Thus, the counter directional mass transfer of 
hydrocarbon components between the oil to gas phases and gas to oil phases affects the 
composition of both the fluid phases and the interfacial tension between them. 
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From the above discussion it is clear that a relationship between miscibility and 
interfacial tension exists and that miscibility between two fluid systems implies nothing 
more than zero interfacial tension. The experimental methods used to measure interfacial 
tension at reservoir conditions to determine gas-oil miscibility are the capillary rise and 
the drop shape techniques. The theoretical principles and operating procedures of these 
techniques are briefly discussed below. 
2.14.1 Capillary Rise Technique 
When a capillary tube (Figure 2.27) of small internal diameter is inserted below 
the interphase of a two phase system with one of the phases being liquid (denser phase) 
and the other being gas, the liquid will rise in the capillary tube above the height of the 
liquid and will be concave with respect to the denser phase. 
 
Figure 2.27: Capillary rise in a glass tube 
This rise is due to the attractive forces (interfacial tension) between the tube and the 
liquid and the small weight represented by the column of liquid in the tube. The 
interfacial tension is the force tending to pull the liquid up the wall of the tube. The liquid 
will rise in the tube until the total force acting to pull the liquid upward is balanced by the 
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weight of the column of liquid being supported in the tube. The total upward force can be 
expressed as: 
Force up = 2pirσcosθ…………………………………………………………………….2.7 





σ = interfacial tension, dynes/cm 
r = radius of tube, cm 
θ = contact angle, degrees 
h = height of liquid column, cm 
ρl = density of liquid phase, gm/cc 
ρv = density of gas phase, gm/cc 
g = gravitational force, cm/sec
2
 
Equating equations 2.6 and 2.7 yield a force balance such that the total interfacial tension 
force would be just balancing the gravitational pull on the column of liquid. 










A contact angle of zero (θ = 0) was assumed in experiments conducted using the capillary 
rise technique as the liquids completely wet the glass surface in the presence of the gas 
phase. The pressure existing in the liquid phase beneath the liquid-gas interface is less 
than the pressure existing in the gaseous phase above the interface. The difference in 
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pressure existing across the interface is the capillary pressure of the system and is defined 
as the force per unit area. Sometimes at very low interfacial tension values the capillary 
height becomes very small requiring a very narrow tube at conditions close to the 
miscibility between the fluid phases. 
Danesh (1998) described a way to measure very low interfacial tension values by 
measuring the interface curvature which appears as a band with a finite thickness 
between phases due to the light scattering in an optical cell. At static conditions he 
proposed equation 2.11 for the rise of liquid h on a flat window, in which the interface 






















A contact angle of zero (θ = 0) may be assumed for low interfacial tension as the liquid 






The use of the capillary rise technique at elevated temperatures and pressures to 
model gas-oil interfacial tension and miscibility measurements was successfully 
demonstrated by Ayirala (2005). He measured capillary heights at elevated pressures and 
temperatures of two standard gas-oil systems i.e. CO2-n-decane at 100°F and CO2-
synthetic oil mixture (25 mole% nC1, 30 mole% nC4 and 45 mole% nC10) at 160°F. He 
was able to measure very low interfacial tension values (0.044 dynes/cm) for the CO2-
synthetic oil mixture using the above technique. He concluded that his technique was 
simple, very accurate and could measure low interfacial tensions, and hence can be 
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adapted to measure interfacial tensions at elevated pressures and temperatures for crude 
oil systems by injecting CO2. 
2.14.2 Pendant Drop Method 
This technique is used to measure the gas-oil interfacial tension at high pressures 
and high temperatures. Figure 2.28 shows a liquid droplet hanging from the tip of a 
capillary tube such as syringe needle in a high pressure optical cell filled with 
equilibrated vapor. 
 
Figure 2.28: Pendant drop shape (Danesh, 1998) 
The shape and size of the liquid droplet at static conditions is controlled by the 
gravity and surface forces. The equilibrium shape of the hanging pendant liquid drop is a 
balance between the forces acting on the drop, namely gravity which pulls the drop down 
by elongation and surface tension which acts to prevent the growth of surface area and 
pulls the drop into a spherical shape. The shape of the drop contains both the density and 
the surface tension of the liquid, and this is related to gas-oil interfacial tension by the 








g = acceleration due to gravity 
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 = liquid phase density 
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 = vapor phase density 





=ℜ  (where de = equatorial diameter or the 
maximum horizontal diameter of the drop and ds = diameter of the drop measured at the 
height from above the bottom of the drop). 
Niederhauser and Bartell (1947) have determined and reported values of l , by 
relating the pressure difference across the interface to the interface curvature. The 
advantages associated with the pendant method are that small amount of liquid samples 
are required and it can be operated at elevated pressures and temperatures. The 
disadvantage associated with this technique is that this method is not applicable to very 
low interfacial tension values as miscibility or the critical point between fluid-fluid 
phases is approached, due to the drops diffusing very rapidly into the surrounding gas 
phase and the errors in measuring the diameters of the drop may result in errors in the 
calculation of interfacial tension. 
In hydro-mechanical equilibrium the gravitational force which depends on the 
height of the drop corresponds to the Laplace pressure, resulting from the curvature of the 
drop contour at this point. The Laplace pressure which is the difference in pressure above 
and below the curved section of the surface of the drop with the main radii of curvature 











p σ ......................................................................................................…...2.14 
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Where: 
p∆ = difference in pressure between the inside and outside of the drop 
σ = interfacial tension 
r1 and r2 = main radii of curvature of a sectional area of the drop surface 
Rotenberg et al. (1982) developed a technique called the axisymmetric drop shape 
analysis (ADSA) to determine interfacial tension and contact angles of fluid interfaces. 
The method constructs an objective function which expresses the error between the 
physically observed and a theoretical Laplacian curve that represents a solution of the 
Laplacian capillarity equation. This objective function is then minimized using the 
method of incremental loading in conjunction with the Newton-Raphson method which is 
the sum of the squares of the normal distances between measured points and the 
calculated curve. The ADSA technique fails due to numerical instability and failure to 
converge for low interfacial tensions and deformed drop shapes. 
Rio and Neumann (1996) proposed a new technique called the axisymmetric drop 
shape analysis technique (ADSA-P) to overcome the above disadvantages for the 
computation of interfacial tension and contact angles by fitting the Laplace equation of 
capillarity to the shape and dimensions to the pendant drop. They have efficiently used 
the numerical algorithms and introduced additional optimization parameters using the 
curvature at the apex instead of the radius of curvature and angle of vertical alignment. 
This technique has been successfully used by Rao and Lee (2001) to measure interfacial 
tensions of gas-crude oil systems at reservoir conditions. The main disadvantage of this 
technique is that it cannot compute very low values of interfacial tension due to the 
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irregular shape of oil the drops as miscibility between the fluid-fluid phases is 
approached. 
2.15 Previous Related Work on Interfacial Tension Measurements 
Rao (1997) experimentally demonstrated the applicability of the VIT technique to 
show miscibility in a live reservoir crude oil-gas system (Rainbow Keg F Pool reservoir, 
Canada) at reservoir temperature and varying pressures and gas enrichment levels 
(composition) using the drop shape analysis technique. The injection gas composition 
was successfully optimized for the miscibility by performing VIT experiments at varying 
gas compositions at the experimental pressure of 30 MPa at the reservoir temperature of 
60°C. Figure 2.29 shows first-contact interfacial tension measurements corresponding to 
the first 5-6 drops of fresh live oil contacting the gas phase in the cell without any oil at 
the bottom measured at 26.2 MPa at 60°C. 
 
Figure 2.29: Differences in first-contact miscibility and equilibrium VIT (Rao and Lee, 
2001) 
From these interfacial tension data minimum enrichment of 32.33 mole% of (CO2+C2+) 
for the equilibrium miscibility and a minimum enrichment of 42.68 mole% of (CO2+C2+) 
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for the first-contact miscibility was obtained. The difference between the first-contact and 
equilibrium contact was about 10 mole% in C2+ concentration. This simulates a situation 
in the field where the fresh injected gas first meets fresh oil in the reservoir and as the gas 
advances it continues to meet fresh residual oil ahead of the front. Since mass transfer has 
not occurred for the first-contact miscibility, the interfacial tension measurements 
obtained from the first-contact IFT data was higher when compared to that obtained from 
the equilibrium data. Thus, the new VIT technique was successfully utilized in 
optimizing the injection gas composition to determine the minimum miscibility pressure 
using the drop shape analysis technique. 
Ayirala (2005) investigated the applicability of the vanishing interfacial technique 
to determine miscibility and measure dynamic gas-oil interfacial tension by using the 
capillary rise technique to measure interfacial tension at elevated temperatures and 
pressures for two standard gas-oil systems of known phase behavior characteristics. For 
this purpose he used CO2-n-decane system at 100°F and CO2-live decane (25 mole% 
methane+30 mole% n-butane+45 mole% n-decane) system at 160°F. The CO2-n-decane 
system at 100°F gave a VIT miscibility of 1150 psi which agrees well with the reported 
minimum miscibility pressures from conventional slim tube (1250 psi) and rising bubble 
apparatus (1280 psi). The CO2-live decane system at 160°F gave a minimum miscibility 
pressure of 1760 psi which agrees well with the reported minimum miscibility pressures 
from the conventional slim tube (1700 psi). This further validates the VIT technique to 
measure gas-oil miscibility using the capillary rise technique. Under this task, gas-oil 
interfacial tensions were reported so far only in standard gas-oil systems at elevated 
pressures and temperatures using the capillary rise technique. The experimental results in 
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these standard gas-oil systems indicated the VIT technique to be accurate and reliable to 
measure gas-oil miscibility.  
The research study described in detail below attempts to extend the application of 
the VIT technique to a real CO2-live reservoir fluid system at reservoir conditions using 
the drop shape analysis and capillary rise techniques. The compositional affects of 
varying gas-oil molar ratios and varying gas-oil volume ratios in the feed on gas-oil IFT 
and hence on MMP at varying pressures at reservoir conditions were also thoroughly 
investigated. 
2.16 Reservoir Characteristics 
The reservoir has an area of 480 acres with an average reservoir thickness of about 13 
feet. This reservoir dips regionally to the east with the thickest portion developed along 
the strike. Porosity varies from 11.8% to 25.0% and permeability varies from 6 md to 
1708 md in this reservoir. The top of the reservoir structure varied from 8619 ft to 8708 
ft, while the net sand thickness varied from 0 ft to 35.2 ft.  
A reservoir flow simulation was performed using CMG software to history match 
primary depletion as well as waterflooding using the production history data (Technical 
Progress Report Number 19499R03, November 15, 2005 – May 15, 2006). 
Table 2.3: Summary of initial distribution of fluids 
Parameter Estimation
Pore Volume 81,823,000 ft
3
HC Pore Volume 58,018,000 ft
3
STO in Place 7.091 million stb
Gas in Place 6175 MMscf
Oil Saturation 60%
Water Saturation 30%
Gas Saturation 10%  
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The initial distribution of fluids in the field resulting from the simulation after the 
history match is summarized in Table 2.3. 
The total initial oil in place in this reservoir was about 7.1 million stock tank 
barrels. Primary depletion (from 04/01/1964 to 09/01/1966) and a subsequent waterflood 
(from 09/01/1966 to 01/01/1972) for this reservoir accounted for the production of 1.7 
million stock tank barrels of oil. Therefore, this leaves a significant amount of oil (5.4 
million stock tank barrels) in this field that can be recovered by using tertiary recovery 
processes using carbon dioxide injection. This depleted and waterflooded oil field has 
remained intact (at equilibrium, without production of fluids) from the beginning of the 
year 1972 to the current date (for about 35 years) and hence allowed for the redistribution 
of fluids in the reservoir due to gravity segregation with time. 
The live reservoir fluid composition at the initial reservoir conditions (4050 psi 
and 238°F) for use in compositional reservoir flow simulation was obtained by the 
recombination of separator oil and separator gas at the producing gas/oil ratio of 1052 
SCF/STB at the separator pressure of 268 psi and separator temperature of 54°F. This 
recombination was performed by the commercial phase behavior simulator CMG-
WinProp. Then a two-phase flash calculation was performed to allow the reservoir 
pressure to deplete from the initial conditions of 4050 psi to the current pressure of 1100 
psi at 238°F. This procedure is described in detail in Chapter 3, Section 3.4 and Chapter 
4, Subsection 4.2.2. The live reservoir fluid was prepared in the laboratory using the 
liquid phase composition obtained from the two-phase flash to be used in core flood 




EXPERIMENTAL APPARATUS AND PROCEDURES 
For the purpose of simulating the fluid-fluid interaction and measuring the 
physical properties of the fluid phases, all the experiments were conducted at reservoir 
conditions using live reservoir fluid that was prepared in the laboratory. The preliminary 
experimental tasks performed were: determination of composition of the stock tank oil, 
preparation of live reservoir fluid, determination of bubble point pressure, compositional 
analysis, and viscosity measurements of recombined reservoir fluid. 
To investigate the compositional effects of interfacial tension and miscibility on a 
carbon dioxide-live reservoir fluid-system at varying pressures from 1500 psig to 6000 
psig at reservoir temperature of 238°F, it was necessary to set up instruments which could 
measure related vapor and liquid properties such as composition, density, molecular 
weight and interfacial tension. These included the gas chromatograph for compositional 
analysis, densitometer for density measurements at high pressures and high temperatures, 
molecular weight apparatus for measuring molecular weights of stock tank oils and an 
optical cell for measuring the interfacial tensions of the carbon dioxide-live reservoir 
fluid system provided with sampling ports for capturing fluids under actual test 
conditions to measure compositions and densities of the fluid phases with minimal 
disturbance of the fluid-fluid phases. 
This chapter describes the detailed theory for each apparatus used, experimental 
design and procedure involved in the preparation of the recombined live reservoir fluid, 
interfacial tension (IFT) measurements to determine the minimum miscibility pressure 
using the capillary rise and pendant drop technique for the carbon dioxide-recombined 
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reservoir fluid system at the reservoir temperature of 238°F at different pressures varying 
from 1500 psig to 6500 psig, along with a compositional analysis and density 
measurements of the equilibrated oil and gas phases. 
3.1 Gas Chromatograph 
Figure 3.1 shows the newly acquired Varian gas chromatograph (model CP-3800) 
along with an auto-sampler (model CP-8410) for measuring gas and oil compositions. 
 
Figure 3.1: Varian gas chromatograph with auto-sampler (model CP-3800 and model 
CP-8410) 
The basis of the gas chromatographic separation is the boiling point distribution 
of a sample between two phases. One of these phases is the stationary phase (high boiling 
liquid) and the other is the mobile (carrier) gas phase which percolates through the 
stationary phase. A non-polar packed or open tubular (capillary glass or ultimetal) gas 
chromatographic column is used to elute the hydrocarbon components of the sample in 
order of increasing boiling point. As the mixture of carrier gas and sample travels through 
this column, its components go back and forth at different rates between the gas phase 
and dissolve in the high-boiling liquid (stationary phase), and thus separating into pure 
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components. After each component elutes from the column it passes through the detector. 
The detector sends an electronic message to the recorder, which responds by printing a 
peak. The column temperature is raised at a reproducible linear rate and the area under 
the chromatogram peak is recorded throughout the analysis.  
The various components used in a gas chromatographic system depicted in Figure 
3.2 are described below. 
 
Figure 3.2: Gas chromatograph components 
A high pressure gas cylinder serves as a source of carrier gas. This serves as the 
mobile phase that moves the sample through the column. High purity Helium of 99.999% 
was used as a carrier gas as it is inert and does not interact with sample components or 
the column materials. A pressure regulator was used to provide a constant pressure to the 
column inlet and thereby constant rates of gas flow. At a given temperature this constant 
rate of gas flow will elute out the components at a characteristic time called the retention 
time. 
The Varian gas chromatographic (CP3800) system is equipped with an auto-
sampler (CP8410) for injection of liquid samples and a gas sampling valve for injection 
of gas samples and serves as the sample introductory system. The gaseous and liquid 
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samples are first injected into a heated chamber where they are vaporized before being 
transferred into the column. 
Packed stainless steel, ultimetal and glass (fused silica) capillary columns were 
used in the gas chromatograph. Figure 3.3 shows glass capillary column and a packed 
column used. 
 
Figure 3.3: Glass capillary column and packed column used in gas chromatography 
The columns were housed in an oven where the temperature can be automatically 
controlled and programmed very accurately over a wide range of temperatures and hence 
greatly influence the separation of components. The columns consist of a stationary phase 
which is composed of a high-boiling and large molecular weight liquid coated on the 
inside of the column (ultimetal and glass capillary) or the liquid is usually impregnated 
on a high surface area solid support like diatomaceous earth, crushed firebrick, or 
alumina as in the packed stainless steel packed columns. The stationary phase affects the 
time the components take to move through the column. 
The detector indicates the presence and measures the amounts of components in 
the column effluent. Both a flame ionization detector (FID) and a thermal conductivity 
detector may be used depending on the range of hydrocarbon and non-hydrocarbon 
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components present in the sample. Liquid analysis utilizes the FID detector and gas 
analysis utilizes the FID as well as TCD detector. 
The flame ionization detector, as shown in Figure 3.3, operates on the principle 
that the electrical conductivity of a gas is directly proportional to the concentration of 
charged particles within the gas.  
 
Figure 3.4: Flame ionization detector 
An FID consists of a hydrogen/air flame and a collector plate called the electrode. Carrier 
gas from the column enters at the bottom of the detector and is mixed with hydrogen 
combustion gas in the area below the flame jet. This mixture is then combined with air 
and burned just above the jet tip. The effluent from the GC column passes through the 
flame, which breaks down hydrocarbon molecules into carbon fragments and produces 
charged ions. A negative polarizing voltage (DC voltage) is applied between the jet tip 
and a collector electrode. As electrons are formed, they are accelerated across the jet tip–
collector gap by the electric field. The ions that are collected on the electrode produce an 
electrical signal and the resulting signal is converted to a voltage by an electrometer. 
Certain molecules ionize easily in the flame and the current produced is proportional to 
 80 
the instantaneous flow rate and amount of the eluted component present in the mixture 
sample. The response produced by the flame ionization detector is directly proportional 
to the number of carbon atoms and hence the mass of the components present in the 
hydrocarbon mixture. 
The thermal conductivity detector is based on the principle that a hot body will 
lose heat at a rate which depends upon the composition of the surrounding gas and the 
rate of heat loss is a measure of the gas composition. A TCD detector (Figure 3.5) 
consists of an electrically-heated wire or thermistor called filament. 
 
Figure 3.5: Thermal conductivity detector 
The temperature of the sensing filament depends on the thermal conductivity of the gas 
flowing around it. Two pairs of TCD’s are used in gas chromatographs. One pair is 
placed in the column effluent to detect the separated components as they leave the 
column, and another pair is placed before the injector or in a separate reference column. 
The resistances of the two sets of pairs are then arranged in a Wheatstone bridge circuit 
through which a stream of carrier inert gas (Helium) flows, thus allowing the bridge to be 
electrically balanced. When sample molecules mixed with carrier gas pass over the hot 
filament the rate of heat loss is reduced and the resistance of the filament increases. This 
change in thermal properties of the system results in a change in heat loss from the wire, 
a consequent change in wire temperature and wire resistance and resulting in the bridge 
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becoming out of balance. The out-of-balance signal is amplified and fed to a recorder. 
The ability to conduct heat from a filament is a function of the molecular weight of the 
gas. The response from thermal conductivity detector is proportional to the molar 
concentration of the components in the gas mixture.  
The newly acquired Varian gas chromatograph system (CP 3800) has the 
capability of performing liquid and gas compositional analysis in a single setup. 
3.1.1 Liquid Analysis and Calibration Procedure 
The various instrument parameters and conditions used in order to perform a 
hydrocarbon liquid analysis are provided in table 3.1. 
Table 3.1: Gas chromatograph parameters for conducting a liquid analysis 
Carrier Gas UHP Helium (99.999%)
Column Chrompack CP-SIMDIST UltiMetal, CP7582
Length, meters 10
I.D., mm 0.53
Film Thickness, µm 0.25
Carrier Gas Flow Rate, ml/min 5
Flame Ionization Detector Hydrogen Flow Rate, ml/min 30
Air Flow Rate, ml/min 300
Range 11
Injector Temperature  Program Temperature, °C Rate, °C/min Hold, min Total, min
25 - 0.01 0.01
400 160 77.64 80.00
Column Temperature Program Temperature, °C Rate, °C/min Hold, min Total, min
-20 - 3.50 3.50
12 6 3.50 12.33
350 7 19.38 80.00
DetectorTemperature Program Temperature, °C
(Flame Ionization Detector) 350  
Hydrocarbon components from C1 through C50 are detected in liquid samples. The 
liquid sample is introduced into the column using the auto-sampler which uses the on 
column injection technique. In this technique an accurate amount of liquid sample (0.30 
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micro-liters) is deposited directly into the front end of the column with a syringe. The 
liquid sample is diluted with carbon disulphide in the proportion of 20:80 (CS2 to Liquid) 
in order to provide suitable viscosity to the sample and to avoid overloading the flame 
ionization detector. The components eluting out from the ultimetal column are detected 
and quantified by the flame ionization detector. The output from the detector is then 
collected using a computer equipped with a data acquisition and processing system called 
the “Star Chromatography WorkStation”, (Version 6) which converts the signal from the 
detector (volts/mill-volts) into peak areas for each hydrocarbon component. 

































































































































































































































Figure 3.6: Chromatogram of Liquid Analysis Showing Hydrocarbon Components from 
C5 through C50 
Figure 3.6 describes the various hydrocarbon components that can be analyzed 
using this gas chromatographic system and parameters. The total time required for 
separations of hydrocarbon components through the ultimetal column is about 80 
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Weight =% …………………………………………………………………3.1 
In order to perform a hydrocarbon liquid analysis the gas chromatograph is 
calibrated. The calibration of response from a FID assumes that the detector response to 
petroleum hydrocarbons is proportional to the mass of the individual components. This is 
verified by analyzing a certified n-paraffin mixture (ASTM D2887) of known 
composition. The response factor for each n-paraffin mixture is calculated in accordance 





F nnn = ………………………………………………………………………..3.2 
Where: 
Fn = relative response factor 
Mn = mass of the n-paraffin in the mixture 
An = peak area of the n-paraffin mixture 
M10 = mass of the n-decane in the mixture 
A10 = peak area of the n-decane mixture 
The relative response factor (Fn) of each n-paraffin must not deviate from unity (1) by 
more than ± 10%.  
3.1.2 Gas Analysis and Calibration Procedure 
Extended gas analysis in natural gas and natural gas liquids (gases liquefied under 
pressure) allows the detection of non-hydrocarbon components (O2, N2, CO2, and H2S) 
and hydrocarbon components from C1 through C16+ in a single injection. 
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The various instrument parameters and conditions used in order to perform a gas 
analysis are provided in Table 3.2. 
Table 3.2: Gas chromatograph parameters for conducting a gas analysis 
Carrier Gas UHP Helium (99.999%)
Column 1 (Rear Oven) S.S., Molecular Sieve 13X, 40-60 mesh size, CP2060
(Porous Polymer Column) Length, ft 4
O.D., inch 1/8
Film Thickness, mm 2
Carrier Gas Flow Rate, ml/min 25
Column 2 (Rear Oven) S.S., 30% Silicone DC-200/500 on Chromosorb P, 60-80 mesh
(Partition Column) Length, meters 0.9
O.D., inch 1/8
Film Thickness, mm 2
Carrier Gas Flow Rate, ml/min 25
Column 3 (Rear Oven) S.S., 30% Silicone DC-200/500 on Chromosorb P, 60-80 mesh
(Partition Column) Length, meters 9
O.D., inch 1/8
Film Thickness, mm 2
Carrier Gas Flow Rate, ml/min 25
Column 4 (Main Oven) CP-Sil, 5CB,CP8780
(Glass Capillary Column) Length, meters 60
I.D., mm 1/4
Film Thickness, µm 1
Carrier Gas Flow Rate, ml/min 1
Flame Ionization Detector Hydrogen Flow Rate, ml/min 30
Air Flow Rate, ml/min 300
Range 10
Injector Temperature , A (°C) 110
(Sampling Gas Valve, Rear Oven)
Injector Temperature , B (°C) 250
(Splitter, Main Oven)
Column Temperature Program Temperature, °C Rate, °C/min Hold, min Total, min
(Rear Oven) 110 - 35.00 35.00
Column Temperature Program Temperature, °C Rate, °C/min Hold, min Total, min
(Main Oven) 50 - 1.00 1.00
210 7 11.14 35.00
Detector Temperature Program Temperature, °C Filament Temperature, °C
(Thermal Conductivity Detecor) 200
Detector Temperature Program Temperature, °C










































Figure 3.7: Chromatogram of gas analysis 
 

































Figure 3.8: Chromatogram of extended gas analysis 
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Figure 3.7 and Figure 3.8 shows chromatograms of a gas analysis and extended 
gas analysis utilizing the four columns and two detectors for the configuration set up 
described in Table 3.2. 
Gas samples are introduced into the gas sampling valve using partial pressure 
charges. The sample entry system is evacuated using a vacuum pump. All gas charge 
transfer lines connected to the sample inlet system are heated. The sample is charged into 
the system via a sample loop at a fixed partial pressure of 15 inches of mercury using a 
vacuum pump and a digital vacuum gauge. This allows for an accurate amount of sample 
to be injected and avoids liquid drop out from the gas sample through the use of a partial 
vacuum. 
As shown in Table 3.2, the gas chromatographic system was set up using a 
configuration of four columns to perform a gas analysis. A single partial pressure charge 
allows the gas sample to simultaneously flow directly into column 1, column 2 and via a 
splitter injector into column 4 at a single time injection. Column 1 (Porous Polymer 
Column) separates O2, N2 and C1. Column 2 (Partition Column) also known as the 
stripper column strips the hydrocarbon components (C6 through C16+) from the gas and 
allows the light components (<C6) into Column 3. Column 3 (Partition Column) separates 
N2, C1, CO2, C2, H2S, C3, iC4, nC4, iC5 and nC5. Column 4 (Glass Capillary Column) 
separates hydrocarbon components from C1, through C16+. The non-hydrocarbon and 
hydrocarbon components eluting out from Column 1 (Porous Polymer Column) and 
Column 3 (Partition Column) are detected and quantified by the thermal conductivity 
detector. The hydrocarbon components eluting out from Column 4 (Glass Capillary 
column) are detected and quantified by the flame ionization detector. Outputs from these 
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two detectors are collected independently and the results are combined using a computer 
equipped with a data acquisition and processing system called the “Star Chromatography 
WorkStation” (Version 6), which converts the signal from the detector (volts/mill volts ) 
into peak areas for each component. Column 1 (Packed Column) separations are 
completed in about 1 minute, Column 3 (Partition Column) separations are completed in 
about 11 minutes and Column 4 (Glass Capillary Column) separations are completed in 
about 30 minutes.  
The gas chromatograph is calibrated each time before running an unknown gas 
sample according to standard method GPA2286. Response factors of the components are 
calculated using equation 3.3, for a certified calibration gas standard of known 
composition containing N2, CO2, C1, C2, C3, i-C4, n-C4, i-C5 and n-C5 mole% and the 
peak area under each component from the chromatogram. 
P
M
K = ………………………………………………………………………………….3.3 
Where: 
K = Response Factor 
M = Mole% of component in reference standard 
P = Peak Area of each component 
The concentration of each of the components in the unknown sample is then calculated 
according to equation 3.4. 
KPM ×= ……………………………………………………………………………..3.4 
Where: 
M = Mole% of Component in Unknown Sample 
P = Peak Area of each Component in Unknown Sample 
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K = Response factor. 
The mole% of the heavier fractions (example C6) is then calculated according to 















The instrument setup and the calibration procedures described above provide the 
requirements of GPA methods 2286 (gas) and 2186 (liquefied gas). 
3.2 Densitometer 
Accurate density data are essential for the measurement of interfacial tension of 
fluid-fluid systems as a function of pressure and temperature.  
The basic principle is the evaluation of the natural frequency of a tuning fork 
electronically excited in an undamped harmonic fashion (Lagourette et. al, 1991). The 
external cell has a built in U-tube made of stainless steel (i.e. the tuning fork) with a 
volume of 2 cm
3
. The electronic part of the unit involves a system which excites the 
tuning fork (U-tube) at constant amplitude and a frequency meter measures the time 
corresponding to a fixed number of periods. The Anton Paar DMA density cell (external 
cell) measures the period of harmonic oscillation of the built in U-tube, which contains 
the sample. 
The external density cell is designed to measure the density of oils and gases at 
elevated pressures ranging from 0 to 10,000 psi and elevated temperatures ranging from 
+14°F to +392 °F. The densitometer is thoroughly cleaned before each measurement 
using toluene and acetone and then blow dried with nitrogen. 
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3.2.1 Calibration Procedure for DMA 515P Connected to Evaluation Unit DMA 45 
Initially, densities of samples at elevated pressures and elevated temperatures 
were performed using the existing DMA 512P connected to the evaluation unit DMA 45 
(Figure 3.9) for the first set of experiments. 
 
Figure 3.9: Pressure densitometer and flash separation unit 
A. Heise Digital Pressure Indicator 
B. DMA 45 Evaluation Unit 
C. DMA 512P Density External Cell 
D. Separator 
E. Gas Sampling Cylinder 
F. Ruska Gasometer 
G. Gas Sampling Port 
H. Liquid Sampling Port 
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Before performing density measurements of unknown samples at high pressures 
and high temperatures the densitometer was calibrated (technical assistance provided by 
Pencor). The period of oscillation is converted to density by a set of calibration curve fit 
equations developed using the precisely known densities of standard fluids at elevated 
pressures and elevated temperatures. The standard fluids used for calibration were UHP 
grade nitrogen (99.997%) and carbon dioxide (99.997%). The system was initially 
calibrated using carbon dioxide and then nitrogen at a range of pressures from 1500 psig 
to 4500 psig, and temperatures from 80°F to 280°F by reading the periods of oscillations 
directly from the evaluation unit DMA 45. The linear curve fit equations for the chosen 
five temperatures were obtained by plotting the known densities of carbon dioxide and 
nitrogen versus oscillation frequencies obtained directly from the DMA 45 evaluation 
unit as a function of pressure. The equations obtained respectively at the range of five 
temperatures, are: 
y = a1x + b1........................................................................................................................3.7 
y = a2x + b2……………………………………………………………………...……….3.8 
y = a3x + b3……….……………………………………………………………………...3.9 
y = a4x + b4……………….…………………………………………………………….3.10 
y = a5x + b5…………………………………………………………………………......3.11 
Where the constants a1, a2, a3, a4 and a5 indicate the slope values and the constants b1, 
b2, b3, b4 and b5 denote the intercept values. Polynomial equations were later obtained 
by plotting these slopes and intercepts values against the temperature. The polynomial 
equations obtained for the slope and intercept, respectively, are: 
y = a5x
2




 + b6x + c2……………………………………………….……………………..3.13 
Using the polynomial equations 3.12 and 3.13, the following equation was developed to 
estimate the density from the oscillation frequency and the temperature. 
ρ = P*(a5T
2
 + b5T + c1) + (a6T
2
 + b6T + c2)....................................................................3.14 
Where: 
ρ = Density in gm/cc 
P = Oscillation Frequency in µs 
T= Temperature in °F. 
Equation 3.14 can be robustly used to estimate the density of any fluid at the 
range of pressures and temperatures since this equation was developed using the data on 
standard fluids at these pressure and temperature ranges. 
3.2.2 Calibration Procedure for DMA HP Connected to Evaluation Unit DMA 4500 
 
Figure 3.10: Pressure densitometer and flash separation unit 
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A. Heise Digital Pressure Indicator 
B. DMA 4500 Evaluation Unit 
C. DMA HP Density External Cell 
D. Separator 
E. Gas Sampling Cylinder 
F. Ruska Gasometer 
G. Gas Sampling Port 
H. Liquid Sampling Port 
I. Printer 
The density measurements of samples at elevated pressures and elevated 
temperatures were performed using the newly acquired Anton Paar DMA HP connected 
to the evaluation unit DMA 4500 (Figure 3.10) for the remaining three sets of 
experiments. 
A density adjustment determines the apparatus constants ‘A’ and ‘B’. To 
determine the apparatus constants, two samples of known density at the required 
temperature and pressure are required. The fluids used to calibrate the instrument were 
UHP grade nitrogen (99.997%) and de-ionized water. Apparatus constants ‘A’ and ‘B’ 
are determined by measuring the periods of oscillation directly from the DMA 4500 and 
are valid only for the temperature and pressure at which they have been determined. The 
equations 3.15 and 3.16 are used to calculate the apparatus constants A and B from the 
































A = Apparatus Constant 
B = Apparatus Constant 
ρ1 = Density of Standard 1 (Nitrogen) 
ρ1 = Density of Standard 2 (De-Ionized Water) 
P1 = Period of Oscillation of Standard 1 (Nitrogen) 
P2 = Period of Oscillation of Standard 2 (De-Ionized Water) 
The density of the unknown sample was then calculated using equation 3.17.  
BPA −∗= 2ρ …………………………………………………...……………………3.17 
Where: 
ρ = Density of Unknown Sample (gms/cc) 
P = Period of Oscillation of Unknown Sample 
A = Apparatus Constant 
B = Apparatus Constant 
The apparatus constants A and B and the density of the unknown sample are 
automatically calculated by the evaluation unit DMA 4500. Initially, the external density 
cell is filled with a density standard 1 (Nitrogen) at the temperature and pressure. The 
value of the density of standard 1 obtained from the National Institute of Standards and 
Technology website (NIST) is then inputted into the density adjustment key on the 
evaluation unit. After the density adjustment is completed, the external density cell is 
thoroughly cleaned with toluene and acetone and blow dried with nitrogen. The external 
density cell is then filled with density standard 2 (de-ionized water) at the same 
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temperature and pressure that was used for density standard 1. The value of the density of 
standard 2 obtained from the NIST website is then inputted into the density adjustment 
key on the evaluation unit. Once both the density adjustments are saved, the adjustment 
data are stored in the evaluation unit DMA 4500. The unknown sample is then filled in 
the density external cell at the same temperature and pressure that was used for 
calibration. The density of this unknown sample is directly read form the evaluation unit 
DMA 4500. If the density of the unknown sample is to be determined at a different 
pressure and temperature, the calibration procedure has to be repeated with the new 
pressure and temperature. 
3.3 Molecular Weight Apparatus 
 
Figure 3.11: Molecular weight determination apparatus 
Where: 
A. Molecular Weight Apparatus, Cryette WR (Model 5009) 
B. Dispenser filled with Water Saturated Benzene 
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C. High Precision Sartorius Weighing Balance 
The Cryette (Figure 3.11) measures the temperature at which samples freeze. The 
apparatus is a completely automatic system for holding the sample, cooling the sample to 
a definite temperature at a controlled rate, freezing the environment, measuring the 
temperature of the sample during the entire process and finally indicating the temperature 
of the sample automatically. 
The Cryette WR apparatus determines the molecular weight of hydrocarbon 
samples by directly measuring the freezing point depression of the sample since freezing 
point depression is linearly related to the solute concentration and the freezing point 
depression (Kf) of the solvent (Benzene). 
3.3.1. Calibration Procedure for Cryette WR 
The measurement of the molecular weight of a sample is made by dissolving a 
known weight of the solute in a known weight of solvent. The range control on the 
apparatus is set to 6. The apparatus is calibrated using water saturated benzene (99.99%) 
and a mixture of about 0.2000 grams of n-nonane (99.95%) in 11.0000 grams of water 
saturated benzene. Initially 2.5 ml of water saturated benzene is placed in the glass tube 
that is lowered directly above the cold antifreeze bath by using the operating head. After 
seeding, indicated by the noise of the stirrer hitting against the glass tube, the display 
meter should read zero before the read light comes on. If not, adjust to zero using the zero 
control. Then a 2.5 ml of a mixture of about 0.2000 grams of n-Nonane (99.95%) in 
about 11.0000 grams of water saturated benzene is placed in the glass tube that is lowered 
directly above the cold antifreeze bath by using the operating head. After seeding, which 
is indicated by the noise of the stirrer hitting against the glass tube, set the display meter 
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∆Fp = Meter Reading (Freezing Point Depression) 
Kf  = molal freezing point depression of solvent i.e. 5.12°C/m 
Wsolute = weight of solute (oil) in grams 
Wsolvent = weight of solvent (benzene) in grams 
MW = Molecular weight of n-Nonane (128 gm/mole) 
After calibration, verification of the instrument is performed by running pure n-
tetradecane (99.95%). The meter display should read a ∆FP which when calculated 










After calibration and verification of the instrument, the molecular weight of the 
unknown sample is then determined by placing 2.5 ml from a mixture of about 0.2000 
grams of unknown sample in about 11.0000 grams of water saturated benzene in a glass 
tube, lowering the tube directly above the cold antifreeze bath by using the operating 
head and reading the display meter. The meter display should read a ∆FP which when 
calculated according to equation 3.19 gives the molecular weight of the unknown sample. 
3.4 Determination of Current Depleted Reservoir Fluid Composition Using CMG-
WinProp 
Initially, the composition of the stocktank crude oil was determined as described 
in the procedure in Section 3.1.1. First, the compositions of separator gas (historical data) 
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and separator oil (measured stocktank crude oil) were used as inputs into the CMG-
WinProp software. These separator products were then recombined at the initial gas oil 
ratio of 1052 SCF/STB and at a separator pressure and temperature of 268 psi and 54°F 
to obtain the original reservoir fluid composition at the initial conditions. 
The equation of state was then tuned to match the known saturation pressure of 
the original reservoir fluid at 238°F (4050 psi). Tuning the equation of state (EOS) is 
nothing more than a calibration of the EOS against the known experimental data by 
adjusting the input values of some uncertain parameters in the EOS to minimize the 
difference between the predicted and the measured values. The Peng-Robinson equation 
of state was chosen for the bubble point pressure calculations. Tuning this equation of 
state was performed by adjusting the volume shift parameter of the hexanes plus (C6+) 
fraction to match the bubble point pressure at the initial reservoir conditions. A relatively 
high weight factor of 50 was used for the measured saturation pressure value during the 
tuning calculations, since this data was believed to be more accurate. 
Once the equation of state was tuned to match the saturation pressure, the two-
phase flash calculations were performed on the original reservoir fluid to deplete it down 
to the current reservoir pressure of 1100 psi. The liquid phase composition obtained from 
the two-phase flash calculations can be considered as the representative reservoir fluid 
composition at the current depleted reservoir conditions. 
3.5 Procedure for Preparation of Live Reservoir Fluid by Recombination 
Initially, the composition, molecular weight and density of the stocktank oil were 
determined using the procedures described in Subsections 3.1.1, 3.2.1 and 3.3.1 
respectively. Before beginning the recombination, transfer vessels, stainless steel tubings 
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and the PVT cell were thoroughly cleaned with toluene and acetone, and blown dried 
with nitrogen. Stocktank crude oil containing a C6+ mole fraction of about 0.76146 and 
the pure methane gas (99.99%) were physically recombined in a PVT cell to create a 
representative reservoir fluid sample at the current reservoir conditions for interfacial 
tension measurements with CO2. 
In this procedure a known volume of stocktank oil was transferred into a high 
pressure PVT cell at 500 psi and 75°F. Knowing the molecular weight and density of the 
stocktank oil at 500 psi and 75°F, the moles of stocktank oil in place were calculated. 
Pure component methane gas (99.99%) was then added to the known volume of stock 
tank oil at a pressure dictated by the vapor pressure of the pure gas component. The 
volume of pure hydrocarbon gas (methane) to be added was determined from the mole 
fraction of the gas (i.e.C1) present in the live oil, the compressibility factor, density and 
charge pressure of the gas, and the calculated moles of stocktank oil in place at the start. 
After the addition of all components, the recombined reservoir fluid was then pressurized 
to 4000 psig (the reservoir pressure is about 4000 psi). The PVT cell was then inverted at 
that pressure several times to bring the reservoir fluid to single-phase conditions. The 
PVT cell was also rocked for 24 hours to ensure equilibrium single-phase conditions of 
the reservoir fluid. 
3.6 Procedure for Determination of Bubble Point of the Recombined Reservoir 
Fluid 
The PVT cell, consisting of a floating piston, separates water from live reservoir 
fluid. Initially the live reservoir fluid was pressurized with water to 4000 psig and 
ambient temperature to keep the fluid in single phase. About 1 to 2 cm
3
 of water was 
drained through the valve from the waterside of the PVT cell to bring the pressure down 
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to a fixed value. The PVT cell was then agitated several times until a constant pressure 
reading was obtained indicating equilibrium. The exact volumes of the water collected as 
well as the stabilized pressure reading obtained were recorded. This procedure was 
repeated until the live reservoir fluid went into a two-phase region. All these 
measurements represent the region above bubble point pressure. Similarly pressure-
volume readings were taken in the two-phase region, below the bubble point pressure. A 
plot of cumulative volume of water collected versus pressure was then prepared and the 
bubble point pressure is indicated by the intersection of two distinct linear portions of the 
plot i.e. one above the bubble point region and one below the bubble point region. 
3.7 Composition Measurement of Recombined Reservoir Fluid 
The composition of the recombined reservoir fluid was determined by flashing the 
fluid from 4000 psig and ambient temperature to atmospheric conditions. This enabled 
the fluid to separate (glass flask) into stable gas and liquid phases. Figures 3.9 and 3.10 
show the separator (glass flask denoted by ‘D’) that was used to perform the flash 
separation for the recombined reservoir fluid. The flashed oil was collected in the 
separator (glass flask ‘D’) and the flashed gas was allowed to flow through the gas 
collection cylinder (denoted ‘E’) and then eventually into the gasometer. The volume of 
flashed gas was measured using the Ruska gasometer and the weight of oil was measured 
using the Sartorius weighing balance. The resultant properties measured for the flashed 
oil and flashed gas were: 
• The molecular weight of the flashed oil (procedure discussed in Chapter 3. 
Section 3.3). 
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• The composition of the gas sample collected in the cylinder (procedure discussed 
in Chapter 3, Subsection 3.1.2). 
• The composition of the flashed oil collected in the separator (procedure discussed 
in Chapter 3, Subsection 3.1.1). 
The resultant composition of the recombined fluid was then determined using the 
measured gas-oil ratio at ambient conditions (i.e. volume of flashed gas and weight of oil) 
for the flash separation performed, composition of the flashed oil, composition of the 
flashed gas, molecular weight of the flashed oil and the calculated average molecular 
weight from the flashed gas composition. 
3.8 Pressure Volume Temperature (PVT) Properties of Recombined Reservoir Fluid 
Using CMG-WinProp 
A black oil reservoir fluid study is designed to study and quantify the phase 
behavior and properties of a reservoir fluid at simulated recovery conditions (Danesh, 
1998). PVT data provide information required to calculate reservoir performance. The 
standard PVT experiments performed on a black oil reservoir fluid sample are the 
compositional analysis, constant mass expansion (CME), differential liberation test, 
separator test and viscosity. 
The composition of the reservoir fluid is performed by flashing a portion of the 
sample to ambient conditions and this procedure is described in Chapter 3, Section 3.7. 
A constant mass expansion is performed by placing a known mass of the reservoir 
fluid sample in a PVT cell, at a pressure in excess of the initial reservoir pressure. This 
was to ensure that the fluid is in single phase. The sample is then heated to reservoir 
temperature. Pressure is reduced incrementally by increasing the volume in increments 
and the cell is agitated and stabilized at each pressure. At each step the pressure and 
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volume of the reservoir fluid are measured. This volume is termed as total volume, as the 
fluid exist in two phases (oil and gas) below bubble point. The recorded cell volumes are 
plotted versus pressure and the slope at which the pressure-volume line changes is the 
bubble point pressure of the reservoir fluid. 
In a differential liberation experiments the reservoir fluid sample is brought to 
bubble point pressure at reservoir temperature in a PVT cell. The pressure is reduced to 
below the bubble point pressure by increasing the volume of the cell and the fluids (gas 
and oil) are equilibrated at that pressure. All the evolved gas is removed from the cell 
while maintaining the pressure in the cell constant, by reducing the equilibrium cell 
volume. The volume, gravity and composition of the evolved gas are measured. The 
process is repeated in predetermined pressure stages until atmospheric pressure is 
reached. The temperature of the PVT cell is then reduced to 60°F and the volume of oil 
remaining in the cell called the residual oil volume and its density are measured. 
In the separator test, a known volume of the reservoir fluid in the PVT cell is 
flashed from bubble point pressure at reservoir temperature in two pressure stages, where 
the last stage is performed at atmospheric pressure (stocktank conditions). Four separator 
tests are generally performed to determine the optimum separator pressure at which 
maximum amount of stocktank liquid could be recovered. This can be identified from the 
separator test as the separator pressure which results in a minimum total gas-oil ratio, 
minimum formation volume factor of oil (at bubble point) and a maximum of stock tank 
oil gravity (McCain, 1990). The conversion of the differential vaporization data to 
surface conditions was also performed using the optimum separator test conditions using 














BB = …………………………………………………………………………3.21 
Viscosities of the recombined reservoir fluid were measured as per the procedure 
described in Chapter 3, Section 3.9. 
In the solubility-swelling test, the PVT cell is loaded with a known mass of 
reservoir fluid. Injection gas of known volume is progressively added to the cell. At each 
gas addition a constant mass expansion is performed on the fluid mixture. The detailed 
procedure is described in Chapter 2, Subsection 2.13.3. 
The measured composition data of the recombined reservoir fluid was inputted 
into the CMG-WinProp program to determine these fluid properties from performing the 
constant mass expansion, differential vaporization, separator test and solubility-swelling 
test at reservoir temperature of 238°F. 
The solubility-swelling data was generated by inputting the measured 
compositional data of the recombined fluid, the injection gas composition (CO2) and the 
incremental mole fractions of injection gas to be added per mole of original reservoir 
fluid in place at the start, into the CMG-WinProp program. 
Theses series of laboratory tests provide values of physical properties required in 
the calculation of oil in-place, gas in-place, recovery estimates and material balance 
calculations. 
3.9 Viscosity Procedure of Recombined Reservoir Fluid 
The viscosity of the recombined reservoir fluid was measured using an electro-
magnetic viscometer (EMV) at reservoir temperature of 238°F by a commercial 
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laboratory. EMV is a high precision instrument designed to accurately measure 
viscosities of reservoir fluids at high pressures (15,000 psi) and high temperatures 
(394°F). The viscometer contains a stainless steel piston, which is magnetically driven 
back and forth inside a measurement chamber and the travel time recorded to determine 
viscosity of the sample. Viscosity measurements were carried out over a wide range of 
pressures at pressures from 4500 psig to 1500 psig at the reservoir temperature of 238°F. 
3.10 Experimental Procedure for the IFT Measurements 
 
Figure 3.12: Various equipments used for measuring interfacial tension at different 
experimental pressures at 238°F 
 
Figure 3.13: Inside of the optical cell 
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Figure 3.12 shows the setup of the equipment used to conduct the interfacial 
tension measurements using the capillary rise technique and the pendant drop technique 
at elevated pressures and reservoir temperature of 238°F. The different components are 
described below: 
A. Optical Cell  
The optical cell is placed in an insulated oven. The optical cell houses a traveling 
injector tube N of 1.5875 mm I.D. (Figure 3.12). The injector tube is made of 
Hastelloy. The optical cell also houses the glass capillary tube O of 1.000 mm I.D and 
2.000 mm O.D (Figure 3.12). The design rating of the optical cell is 20,000 psig at 
392°F. 
B. Anton Paar Densitometer (DMA HP and DMA 4500) 
The apparatus is capable of measuring densities at high pressures and high 
temperatures. The design rating of the densitometer is 10,000 psig at 392°F. 
C. Ruska Positive Displacement Pump (Model 2014) 
This pump is a high pressure precision metering and volumetric pump capable of 
delivering accurate fluid rates at elevated pressures. The pump consists of a piston 
and a cylinder. The piston is injected into the cylinder thereby displacing an accurate 
and equivalent volume of fluid. The design rating of the pump is 10,000 psig at 80°F. 
The pump was filled with 99.997% carbon dioxide and was used to charge accurate 
amounts into the optical cell.  
D. Ruska Positive Displacement Pump (Model 2014) 
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The pump specifications are the same as described in C. The pump was filled with the 
recombined reservoir fluid and was used to charge accurate amounts into the optical 
cell.  
E. Sensotec Digital Pressure Indicator (Model No. SC 3004) 
The Sensotec digital pressure indicator has a design rating of 10,000 psig at 105°F. 
The two positive displacement pumps are connected to the Sensotec digital pressure 
indicator via pressure transducers.  
F. Heise Digital Pressure Indicator (Model No. 901A) 
The pressure in the optical cell was continuously monitored using the Heise digital 
pressure gauge. The digital pressure gauge has a design rating of 25,000 psig at 72°F.  
G. Floating Piston Transfer Vessel (CFT-50-400) 
The recombined reservoir fluid was prepared in the floating piston 316 stainless steel 
transfer vessel. The design rating of the transfer vessel was 5000 psig at 250°F. 
H. Temperature Indicator 
Temperature on the optical cell is displayed by the temperature indicator, which is 
connected to the optical cell by a thermocouple. 
I. Heating Oven 
The heating oven provides and maintains a stable temperature of 238°F to the fluid 
phases in the optical cell. 
J. Digital Camera 
The drop shapes and the heights of the fluid phases was recorded using a Sony digital 
video camera provide with a zoom lens (Model DXC-190) which was connected to a 
video cassette recorder.  
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K. Gas Sampling Outlet 
The top of the optical cell was provided with a sampling port for collection of gas 
samples to be used in pressure density measurements and compositional analysis. 
L. Liquid Sampling Outlet 
The bottom of the optical cell was provided with a sampling port for collection of 
liquid samples to be used in pressure density measurements and compositional 
analysis. 
M. Gas Chromatograph  
Gas and liquid compositional analysis was performed using the new Varian gas 
chromatograph with auto-sampler (Models CP 3800 and CP 8410). 
N. Hastelloy tube (I.D. = 1/16 inches) 
O. Glass capillary tube (I.D. = 1.0 mm) 
The experimental design setup described above and the following detailed 
experimental procedure was devised to conduct the IFT measurements at reservoir 
conditions with compositional analysis and high pressure density measurements in an 
efficient, accurate and safe manner, and to keep the integrity of the equilibrated fluid-
fluid phases thus allowing representative samples to be collected for performing the 
various fluid property measurements throughout the experimental study. 
1. Fill the Ruska pump C with CO2 gas at the experimental pressure of 1500 psig. 
2. Fill the Ruska pump D with live recombined reservoir fluid and stabilize it at the 
experimental pressure of 1500 psig. 
3. Carefully insert a capillary tube of 1.0 mm I.D into the optical cell. 
4. Heat the high-pressure high-temperature optical cell to 238°F. 
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5. Connect the heated stainless steel tubing from the laboratory cylinder containing 
live oil to the top of the optical cell. 
6. Evacuate the optical cell using the vacuum pump to remove any traces of 
contaminants. 
7. Using the Ruska pump C, charge an accurate amount of CO2 into the optical cell, 
required for the experimental pressure. Using Ruska pump D, charge an accurate 
amount of the recombined reservoir fluid into the optical cell required for the 
experimental pressure. The amounts of CO2 gas and live reservoir fluid to be 
charged at the various pressures (1500 to 6000 psig) for the two sets of gas/oil 
molar ratios and two sets of gas/oil volume ratios are described in Chapter 3, 
Section 3.11. 
8. Capture the image of the first pendant drop of live crude oil at the tip of capillary 
tube in the optical cell as soon as it contacts the gas phase through the digital 
video camera ‘J’ that is connected to a computer equipped with the drop shape 
analysis software. Use the densities of the pure fluid phases initially during the 
first-contact gas-oil interfacial tension calculations. 
9. Allow approximately 6 hours for the fluids to reach equilibrium in the cell at the 
experimental pressure and 238°F. 
10. Form a pendant drop of the recombined reservoir fluid at the tip of capillary tube 
in the optical cell in the gas phase that has already interacted with the oil residing 
at the bottom of the cell. Capture this pendant oil drop image using the drop shape 
analysis software program. Repeat the same procedure for about 8-10 pendant oil 
drops. 
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11. Allow approximately 24 hours for the fluids to reach equilibrium in the cell at the 
experimental pressure and 238°F. 
12. Record the capillary rise observed in the capillary tube using the digital video 
camera ‘J’. 
13. Measure the density of the equilibrated gas phase using the Anton Paar 
densitometer (procedure discussed in Chapter 3, Section 3.2). 
14. Remove the equilibrated gas sample from the densitometer by flashing the gas to 
ambient conditions (procedure described in Chapter 3, Section 3.7) and analyze 
for composition (procedure discussed in Chapter 3, Subsection 3.1.2) using 
Varian CP-3800 gas chromatograph. 
15. Measure the density of the equilibrated oil phase using the Anton Paar 
densitometer (procedure discussed in Chapter 3, Section 3.2). 
16. Remove the equilibrated oil sample from the densitometer by flashing the oil to 
ambient conditions (procedure discussed in Chapter 3, Section 3.7) and analyze 
for compositions (procedure discussed in Chapter 3, Subsection 3.1.1) using the 
Varian CP-3800 gas chromatograph. Measure the molecular weight of the 
stocktank oil sample using the Cryette WR apparatus (procedure discussed in 
Chapter 3, Section 3.3). 
17. Use the equilibrated gas and oil phase densities, and captured pendant drop 
images in the drop shape analysis software program to calculate the average 
equilibrium gas-oil interfacial tension. Also, use the equilibrated gas and oil phase 
densities, the capillary rise, and the capillary radius in the conventional capillary 
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rise technique equation (described in Chapter 2, Subsection 2.14.1) to compute 
the gas-oil interfacial tension. 
18. Drain the fluids from the optical cell, clean with toluene and acetone and blow dry 
with nitrogen gas. 
19. Evacuate the cell using the vacuum pump to remove any traces of remaining 
residual fluid phases. 
20.  Repeat the steps 7-19 to obtain the first-contact by drop shape analysis technique 
as well as the equilibrium interfacial tensions at different experimental pressure 
steps till the pressure reaches 6000 psig using drop shape as well as capillary rise 
techniques. 
21. Steps 1 to 20 were performed for two sets of constant gas-oil molar ratios and two 
sets of constant gas-oil volume ratios. 
The following constant gas-oil molar ratios and constant gas-oil volume ratios and 
variations of the above procedure with respect to pendant drop and capillary rise were 
conducted depending on the practicality of the experiment at each selected pressure: 
• Multiple-contact (equilibrium) miscibility was performed using the pendant drop 
and capillary rise techniques for the 0.893 mole fraction of CO2 and 0.107 mole 
fraction of recombined reservoir fluid (Rm=0.893/0.107=8.346) at each 
experimental pressure of 1500, 2000, 2500, 3000, 3500, 4000, 5000, 5500 and 
6000 psig. 
• Multiple-contact (equilibrium) miscibility was performed using the capillary rise 
technique for the 0.700 mole fraction of CO2 and 0.300 mole fraction of 
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recombined reservoir fluid in the feed mixture (Rm=0.700/0.300=2.333) at each 
experimental pressure of 2000, 3000, 3500, 4000, 5000 and 6000 psig. 
• First-contact miscibility using the pendant drop and multiple-contact 
(equilibrium) miscibility using the pendant drop and capillary rise techniques 
were performed for the 0.850 volume fraction of CO2 and 0.150 volume fraction 
of recombined reservoir fluid in the feed mixture (Rv=0.850/0.150=5.667) at each 
experimental pressure of 2000, 3000, 4000, 5000 and 6000 psig. 
• Multiple-contact (equilibrium) miscibility using the capillary rise technique was 
performed for the 0.450 volume fraction of CO2 and 0.550 volume fraction of 
recombined reservoir fluid in the feed mixture (Rv=0.450/0.550=0.818) at each 
experimental pressure of 2000, 3000, 4000, 5000 and 6000 psig. 
3.11 Calculation Procedure for the Constant Gas-Oil Molar Ratios and the Constant 
Gas-Oil Volume Ratios Used as Feed in the Mixture 
The complete data for the charge volumes of fluids used at each experimental 
pressure for the two selected constant gas-oil molar ratios and the two selected constant 
gas-oil volume ratios are given in Appendices A1 to A4. The equations 3.20 and 3.21 





















V1 = volume of reservoir oil at pressure at 75°F 
V2 = volume of reservoir fluid at pressure at 238°F 
ρ2 = density of reservoir fluid at pressure at 238°F 





V = volume of carbon dioxide gas at pressure at 75°F 
z = compressibility of carbon dioxide at pressure at 75°F 
n = mole fraction of carbon dioxide in the feed mixture 











T = temperature in Kelvin 
P = charge pressure in psig 
Initially the mass in grams was obtained by multiplying the gram moles of each 
fluid (CO2 and reservoir fluid) with the corresponding molecular weight of that fluid. 
Volume in cm
3
 was obtained by dividing the mass in grams of each fluid by the density 
of that fluid at the experimental pressure at 238°F, from which a volume percent was then 
calculated. Since the measured volume of the optical cell was 80 cm
3
 at 238°F, the 
volume percent for each fluid was multiplied by the cell volume (80 cm
3
) to obtain the 
amounts in cm
3
 of the each fluid phase that would be present at the experimental pressure 
at 238°F. The volume of each reservoir fluid to be charged at the experimental pressure at 
75°F (ambient temperature) was then obtained by using the equation 3.22. The volume of 
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CO2 gas to be charged at the experimental pressure at 75°F was similarly obtained by 
























RESULTS AND DISCUSSION 
Rao (1997) demonstrated the applicability of the vanishing interfacial technique 
(VIT) to show miscibility for two Canadian live reservoir crude oil and natural gas 
systems using the pendant drop method. Ayirala (2005) reported using the VIT technique 
in standard gas-oil systems of known phase behavior characteristics for the CO2-n-decane 
system and CO2-live decane (25 mole% methane+30 mole% n-butane+45 mole% n-
decane) system at elevated pressures and elevated temperatures using the capillary rise 
method. In this study the experimental work has been further continued to extend the VIT 
technique to a real live reservoir fluid and CO2 system, using both the drop shape and 
capillary rise techniques to measure the gas-oil IFT at reservoir conditions. 
Since most of the published literature utilized the amounts of fluid phases in terms 
of gas-oil molar ratio in the feed for measuring gas-oil interfacial tension and miscibility, 
it was considered informative to conduct IFT experiments using both the gas-oil volume 
ratios as well as gas-oil molar ratios in this study. The use of different gas-oil ratios also 
helped to determine the effect of gas-oil ratio (GOR) on the fluid properties such as 
compositions and densities, which would strongly impact interfacial tension and 
miscibility between the CO2 and hydrocarbon phases. Two different sets of experiments, 
one with constant gas-oil molar ratios and the other with constant gas-oil volume ratios in 
the feed were conducted. 
Chapter 4 is divided into three sections. Section 4.1 discusses the results of 
various calibration experiments performed on the various instruments used to measure 
fluid properties. Section 4.2 discusses the results of the preliminary tasks carried out in 
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order to perform IFT measurements. Section 4.3 discusses the results of interfacial 
tension measurements and the effects of gas-oil molar ratios and gas-oil volume ratios on 
fluid phase densities, compositions, and gas-oil miscibility. 
4.1 Calibrations Experiments Performed 
4.1.1 Hydrocarbon Compositional Analysis 
Before performing a liquid composition analysis, the performance of the flame 
ionization detector was checked. This was achieved by injecting 0.3 microliter of 
certified hydrocarbon mixture (n-paraffin mixture) from C6 through C44 of known 
composition diluted with carbon disulphide into the Varian gas chromatograph 
instrument (procedure described in Chapter 3, Subsection 3.1.1). The procedures and 
methods used in the calibration were based on methods ASTM D2887 and ASTM 
D4626. 
Table 4.1: Relative response factors of n-paraffin mixture (relative to n-decane) 
Component Carbon Peak Weight% Weight% Relative % Deviation
Number Area Gas (Standard n-Paraffin Mix) Response
Chromatograph ASTM D2887 Fn
n-Hexane nC6 822085 7.784 7.781 1.0 1.2
n-Heptane nC7 622101 5.891 5.957 1.0 1.1
n-Octane nC8 819153 7.756 7.861 1.0 1.3
n-Nonane nC9 838635 7.941 7.822 1.0 -1.5
n-Decane nC10 1264562 11.974 11.831 1.0 -1.2
n-Undecane nC11 1241582 11.756 11.758 1.0 0.0
n-Dodecane nC12 1239986 11.741 11.758 1.0 0.1
n-Tetradecane nC14 1215275 11.507 11.571 1.0 0.6
n-Hexadecane nC16 1042146 9.868 9.824 1.0 -0.4
n-Octadecane nC18 524148 4.963 4.961 1.0 0.0
n-Eicosane nC20 208010 1.970 1.973 1.0 0.2
n-Tetracosane nC24 206168 1.952 1.968 1.0 0.8
n-Octacosane nC28 103525 0.980 0.981 1.0 0.1
n-Dotriacontane nC32 101731 0.963 0.981 1.0 1.8
n-Hexatriacontane nC36 103108 0.976 0.986 1.0 1.0
n-Tetracontane nC40 104630 0.991 1.006 1.0 1.5
n-Tetratetracontane nC44 104124 0.986 0.981 1.0 -0.5
Total 10560969 100.000 100.000  
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The relative response factors (Chapter 3, Subsection 3.1.1, Equation 3.2) were 
calculated for each n-paraffin (relative to n-decane) in accordance with the method 
ASTM D4626. The method assumes that the detector response is proportional to the mass 
of individual components. 
Table 4.1 and Figure 4.1 indicated that the percent deviation of relative response 
factor Fn for the n-paraffin mixture was less than about 1.5% and was much less than 




























Figure 4.1: Linearity plot of relative response factor of n-paraffin mixture 
This validates the precision and accuracy with which the gas chromatograph can 
perform hydrocarbon liquid compositional analysis. 
4.1.2 Gas Composition Analysis 
Components to be determined in the gaseous sample are physically separated by 
the gas chromatograph and compared to calibration data obtained under identical 
operating conditions. The method of calibration GPA2286 was used to calculate the 
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response factor from a certified calibration gas reference standard of known composition. 
The response factor of each component determined from the reference gas standard using 
the thermal conductivity detector and the flame ionization detector are presented in Table 
4.2. The appropriate mole or weight percentage of each component was used depending 
on whether the peak was taken from the thermal conductivity detector or the flame 
ionization detector. The equations used in the calculation of the response factor and the 
concentration of the component in the unknown sample are described in Chapter 3, 
Subsection 3.1.2. 
Table 4.2: Response factor of components in the reference gas standard 
Reference Peak Response
Gas Standard Area Factors
(From GC)
Nitrogen N2 5.002 24686 0.0002026
Methane C1 67.994 276869 0.0002456
Nitrogen N2 5.002 19508 0.0002564
Methane C1 67.994 223557 0.0003041
Carbon Dioxide CO2 4.995 22666 0.0002204
Ethane C2 7.985 39660 0.0002013
Propane C3 6.025 37539 0.0001605
i-Butane iC4 3.000 21775 0.0001378
n-Butane nC4 3.001 22121 0.0001357
i-Pentane iC5 0.999 8307 0.0001203
n-Pentane nC5 0.999 8201 0.0001218
Methane C1 67.994 386195 0.0001761
Ethane C2 7.985 90380 0.0000883
Propane C3 6.025 101325 0.0000595
i-Butane iC4 3.000 66525 0.0000451
n-Butane nC4 3.001 66155 0.0000454
i-Pentane iC5 0.999 26864 0.0000372
n-Pentane nC5 0.999 26253 0.0000381
Column 1 (Porous Polymer Column) - Thermal Conductivity Detector
Column 3 (Partition Column) - Thermal Conductivity Detector




Validation checks for the gas compositions were performed for each analysis by 
comparing the percent of component eluted from one column with the percent of the 
same component eluted out from another column. For example the %C1 component 
eluted from column 1 can be compared with the %C1 component eluted out from column 
3 and column 4. 
4.1.3 Calibration of Density Meter (Old DMA 512P)  
The old external density cell DMA 512P was calibrated as per the procedure 
described in Chapter 3, Subsection 3.2.1. The instrument was calibrated by measuring the 
oscillations (µs) of standard fluids: Carbon Dioxide (99.997%) and UHP grade Nitrogen 
(99.997%), covering a wide range of pressures and temperatures. 
Calibration of Densitometer at Elevated Pressures and Temperatures
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Figure 4.2: Linear curve fit equations of pure standard fluids 
The values of slopes and intercepts were obtained from linear curve fit equations 
as shown in Figure 4.2. The values of the constants a1, a2, a3, a4 and a5, denoting the 
slope, are 2.78, 3.00, 3.33, 3.17 and 2.99 respectively, and the values of the constants b1, 
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b2, b3, b4 and b5, denoting the intercept are -10.333, -11.832, -13.185, -12.615 and -
11.948. 
The values of constants a5, b5 and c1 obtained from polynomial equations by 
plotting the slopes versus temperature are 2.22E10-5, -6.60E-03 and 3.20 respectively. 
The values of constants a5, b5 and c2 obtained from polynomial equations by plotting the 
intercept versus temperature are -8.91E-05, 2.53E-02 and -1.24E+01 respectively. These 




 - 6.60E-03T + 3.20) + (-8.91E-05T
2
 + 2.53E-02 – 1.24E+01)….…4.1 
The densities of pure methane (99.999%) were then measured using equation 4.1 
covering a range of pressures from 1500 to 6000 psig at 238°F as a calibration check, and 
the measured density values are presented in Table 4.3. 
Table 4.3: Measured densities of pure methane from DMA 512P 
Pressure Temperature Oscillation Measured NIST %Deviation
Density Density
(psig) (°F0 (µs) (g/cc) (g/cc)
1500 238 3.9912 0.0610 0.0541 12.7
2000 238 3.9975 0.0808 0.0721 12.0
2500 238 4.0025 0.0966 0.0898 7.6
3000 238 4.0075 0.1123 0.1067 5.3
3500 238 4.0125 0.1281 0.1226 4.5
4000 238 4.0170 0.1423 0.1376 3.4
4500 238 4.0210 0.1549 0.1514 2.3
5000 238 4.0258 0.1701 0.1642 3.6
5500 238 4.0290 0.1802 0.1760 2.4
6000 238 4.0330 0.1927 0.1868 3.1
NIST: National Institute for Standards and Testing  
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The measured density data obtained using the density calibration equation showed 
reasonably good agreement especially at high pressures with the published values from 
NIST (average absolute deviations less than 3.4%). 
Equation 4.1 can be robustly used to estimate the density of any fluid at the range 
of pressures from 1500 psig to 6000 psig and at temperatures ranging from 80°F to 
280°F, since this equation was developed using the data on standard fluids at these 
pressure and temperature ranges. 
4.1.4 Calibration of Density Meter (New DMA HP) 
The newly acquired Anton Paar densitometer DMA HP was calibrated using pure 
standard fluids UHP grade Nitrogen (99.997%) and de-ionized water covering a range of 
pressures from 1500 psig to 6000 psig at the reservoir temperature of 238°F as per the 
procedure described in Chapter 3, Subsection 3.2.2. 
Table 4.4: Measured densities of pure methane from DMA HP 
Pressure Temperature Measured NIST %Deviation
Density Density
(psig) (°F) (g/cc) (g/cc)
1500 238 0.0538 0.0541 -0.5
2000 238 0.0720 0.0721 -0.2
2500 238 0.0893 0.0898 -0.5
3000 238 0.1065 0.1067 -0.2
3500 238 0.1225 0.1226 -0.1
4000 238 0.1374 0.1376 -0.1
4500 238 0.1511 0.1514 -0.2
5000 238 0.1638 0.1642 -0.2
5500 238 0.1755 0.1760 -0.3
6000 238 0.1865 0.1868 -0.2
6500 238 0.1960 0.1968 -0.4
NIST: National Institute of Standards and Testing  
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Densities of pure methane (99.999%) were then measured to validate the 
precision of the instrument covering a range of pressures from 1500 psig to 6500 psig at 
238°F and the results are presented in Table 4.4. 
These density measured data showed excellent agreement with the published 
values from NIST (average absolute deviation less than 0.13%). This proves the accuracy 
with which this new instrument can be used to measure densities of unknown samples at 
elevated pressure at 238°F. 
4.2 Preliminary Experimental Tasks Performed 
4.2.1 Stocktank Crude Oil Composition 




































































































































Figure 4.3: Chromatogram of the stocktank crude oil 
The composition of the stocktank crude oil sample obtained from the depleted oil 
reservoir was analyzed using the newly acquired Varian gas chromatograph (Model CP-
3800) as per the procedure described in Chapter 3, Subsection 3.1.1. The results of the 
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compositional analysis performed are presented in Table 4.5. The chromatogram obtained 
from this compositional analysis is shown in Figure 4.3. 
Table 4.5: Compositional analysis of stocktank crude oil 
STO 1 STO 2 Comm. Lab
Mole% Mole% Mole%
Methane C1 0.003 0.004 0.002
Ethane C2 0.030 0.025 0.042
Propane C3 0.514 0.486 0.566
i-Butane iC4 0.451 0.434 0.440
n-Butane nC4 1.132 1.115 1.160
i-Pentane iC5 1.610 1.574 1.502
n-Pentane nC5 1.359 1.331 1.447
Hexanes C6 3.753 3.735 3.830
Benzene C6 0.000 0.000 0.000
Heptanes C7 8.510 8.621 8.677
Toluene C7 1.100 1.118 0.095
Octanes C8 10.877 11.169 12.067
M/P-Xylene C8 1.580 1.620 1.066
O-Xylene C8 0.528 0.545 0.936
Nonanes C9 6.115 6.312 5.785
Decanes C10 7.003 7.153 7.567
Undecanes C11 5.777 5.846 5.765
Dodecanes C12 5.033 5.058 4.659
Tridecanes C13 4.997 4.976 4.938
Tetradecanes C14 4.674 4.637 4.309
Pentadecanes C15 3.717 3.670 3.918
Hexadecanes C16 3.436 3.409 3.266
Heptdecanes C17 3.006 2.965 2.950
Octadecanes C18 2.960 2.920 2.865
Nonadecanes C19 2.876 2.831 2.467
Eicosanes C20 2.051 2.092 2.012
Heneicosanes C21 1.776 1.470 1.751
Docosanes C22 1.468 1.611 1.520
Tricosanes C23 1.469 1.425 1.416
Tetracosanes C24 1.326 1.302 1.282
Pentacosanes C25 1.183 1.154 1.168
Hexacosanes C26 1.024 0.991 0.990
Heptacosanes C27 0.945 0.909 0.864
Octacosanes C28 0.822 0.798 0.823
Nonacosanes C29 0.769 0.743 0.738
Triacontanes C30 0.702 0.674 0.667
Hentriacontanes C31 0.615 0.597 0.610
Dotriacontanes C32 0.535 0.515 0.522
Tritriacontanes C33 0.479 0.458 0.463
Tetratriacontanes C34 0.419 0.415 0.394
Pentatriacontanes C35 0.396 0.367 0.378
Hexatriacontanes Plus C36+ 2.980 2.925 4.083
Total 100.000 100.000 100.000
Properties of Stocktank Oil
Average Molecular Weight 201.1 201.1 203.1
Specific Gravity @ 60/60°F 0.8261 0.8261 0.8321
Properties of Hexanes Plus (C6+) Stocktank Oil
Mole% 95.031
Molecular Weight 208.3
Specific Gravity @ 60/60°F 0.8311
Properties of Heptanes Plus (C7+) Stocktank Oil
Mole% 91.296
Molecular Weight 213.3




A portion of the stocktank crude oil sample was also sent to a commercial 
laboratory to verify the precision and accuracy of the results obtained from the newly 
acquired Varian gas chromatographic system. It can be seen from Table 4.5 that the 
results of the compositional analysis provided by the commercial laboratory was in good 
agreement with the results of the compositional analysis obtained by performing a 
compositional analysis of duplicate samples (STO 1 and STO 2) of the stocktank crude 
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Figure 4.4: Comparison plot of carbon number mole% between commercial lab and 
newly acquired Varian gas chromatograph 
Figure 4.4 shows the excellent match between the results provided by the 
commercial laboratory to that obtained from the new gas chromatograph in which the 
hydrocarbon component mole% of the stocktank crude oil approximately falls on a 45 
degree straight line. This confirms the validity check of the instrument and the precision 
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and accuracy with which compositional analysis can be performed on oil samples in our 
reservoir fluids laboratory at the Louisiana State University. 
4.2.2 Current Depleted Reservoir Fluid Composition Obtained by Using CMG-
WinProp 
Since the reservoir fluid sample at the current reservoir conditions was not 
available and only the stocktank crude oil of the depleted reservoir was provided, it was 
necessary to perform a compositional tuning using the CMG-WinProp software from 
previous available historical data in order to obtain the reservoir fluid composition at the 
current depleted reservoir pressure of 1100 psi and 238°F. The data used as input into the 
CMG WinProp software were separator gas composition, separator liquid composition 
(stocktank crude oil), gas-oil ratio (SCF/STB), separator pressure and temperature. 
Table 4.6: Separator gas composition 
Separator Gas
Mole %
Hydrogen Sulphide H2S 0.000









Hexanes Plus C6+ 0.939
Total 100.000
Average Molecular Weight 20.45
Properties of Hexanes Plus (C6+ ) Separtor Gas
Mole % 0.939
Molecular Weight 86.20
Specific Gravity @ 60/60°F 0.7084




Table 4.7: Separator liquid composition 
Separator Oil
Mole %
Hydrogen Sulphide H2S 0.000









Hexanes Plus C6+ 95.031
Total 100.000
Average Molecular Weight 201.1
Properties of Hexanes Plus (C6+ ) Separtor Oil
Mole % 95.031
Molecular Weight 208.3
Specific Gravity @ 60/60°F 0.8311
Components Carbon No.
 
Table 4.8: Recombined reservoir fluid composition at original reservoir conditions 
Separator Pressure (psi) 268
Separator Temperature (°F) 54
Recombination Gas/Oil Ratio (SCF/STB) 1052
Separator Gas Separator Oil Recombined Fluid
Mole % Mole % Mole %
Hydrogen Sulphide H2S 0.000 0.000 0.000
Carbon Dioxide CO2 2.355 0.000 1.550
Nitrogen N2 1.134 0.000 0.747
Methane C1 83.351 0.004 54.883
Ethane C2 6.878 0.025 4.537
Propane C3 2.797 0.486 2.007
i-Butane iC4 0.599 0.434 0.543
n-Butane nC4 1.009 1.115 1.045
i-Pentane iC5 0.543 1.574 0.895
n-Pentane nC5 0.397 1.331 0.716
Hexanes Plus C6+ 0.939 95.031 33.077
Total 100.000 100.000 100.000
Average Molecular Weight 20.5 201.1 82.93
Properties of Hexanes Plus (C6+ )
Mole % 0.939 95.031 33.077
Molecular Weight 86.2 208.3 -
Specific Gravity @ 60/60°F 0.7084 0.8311 -




The separator gas composition, separator liquid composition (stocktank crude oil) 
and the recombined reservoir fluid composition are presented in Tables 4.6, 4.7 and 4.8 
respectively. The Peng Robinson equation of state (procedure described in Chapter 3, 
Section 3.4) was used in order to match the bubble point pressure of this resultant 
recombined reservoir fluid composition to the initial bubble point pressure of 4050 psi at 
238°F of the reservoir by using various tuning parameters. 
A two-phase flash was then preformed on this tuned reservoir fluid composition 
to obtain current reservoir composition of the depleted reservoir at reservoir conditions of 
1100 psi (bubble point pressure) and 238°F (Table 4.9). The liquid phase composition 
from this two phase flash was then used to prepare a recombined live reservoir fluid in 
the laboratory. 
Table 4.9: Reservoir fluid composition at current depleted reservoir conditions 
Flash Conditions at Bubble Point (psi) 1100
Weight Shift 50
Recombined Fluid Liquid Phase Vapor Phase
Hydrogen Sulphide H2S 0.000 0.000 0.000
Carbon Dioxide CO2 1.550 0.762 2.247
Nitrogen N2 0.747 0.147 1.278
Methane C1 54.883 18.691 86.870
Ethane C2 4.537 3.093 5.813
Propane C3 2.007 2.069 1.952
i-Butane iC4 0.543 0.704 0.401
n-Butane nC4 1.045 1.448 0.689
i-Pentane iC5 0.895 1.444 0.410
n-Pentane nC5 0.716 1.191 0.296
Hexanes Plus C6+ 33.077 70.451 0.045
Total 100.000 100.000 100.000




4.2.3 Preparation of Recombined Reservoir Fluid 
While preparing the recombined live reservoir fluid using the liquid phase 
composition obtained from the two-phase flash calculations, the ethane and propane 
components were lumped into the methane portion. This can be considered reasonable, 
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since there were no significant amounts of ethane and propane components present in the 
liquid phase composition obtained from the two-phase flash, as the reservoir was 
depleted from the original pressure of 4050 psi at 238°F to the current depleted pressure 
of 1100 psi at 238°F. The remaining components N2, CO2, i-C4 and n-C4 were lumped 
into the hexanes plus fraction to simplify the live recombined reservoir fluid preparation 
procedure. Also, these components were present in small quantities in the liquid phase 
composition obtained from the two-phase flash as the reservoir was depleted, thus would 
not significantly affect the minimum miscibility pressure determinations after the 
preparation of the recombined reservoir fluid. 
Table 4.10: The composition of live reservoir fluid used in all the experiments 
Molecular Live Fluid Live Fluid Pressure Density at P Volume Added
Weight (C1 lumped) and 75°F
gm/mole Mole% Mole% psig gm/cc cc gas/mol Live Oil
Hydrogen Sulphide H2S 34.08 0.000 0.000 - - 0.000
Carbon Dioxide CO2 44.01 0.762 0.000 - - 0.000
Nitrogen N2 28.01 0.147 0.000 - - 0.000
Methane C1 16.04 18.691 23.854 2000 0.1129 33.894
Ethane C2 30.07 3.093 0.000 - - 0.000
Propane C3 44.10 2.069 0.000 - - 0.000
i-Butane iC4 58.12 0.704 0.000 - - 0.000
n-Butane nC4 58.12 1.448 0.000 - - 0.000
i-Pentane iC5 72.15 1.444 0.000 - - 0.000
n-Pentane nC5 72.15 1.191 0.000 - - 0.000
Hexanes Plus C6+ 208.30 70.451 76.146 500 0.8270 191.794*
Total 100.000 100.000 225.688
Properties of Hexanes Plus (C6+) Stocktank Oil 
Molecular Weight 208.30
Specific Gravity @ 60/60°F 0.8311
* Volume of Stocktank Oil per Mole of Live Fluid.
Components Carbon No.
 
The results of the calculation spreadsheet used for obtaining the volume of 
methane (cc) to be added per mole of live fluid are described in Table 4.10. 
The various miscibility correlations provided by Holm and Josendal (1974), 
Yellig and Metcalf (1980), and Cronquist (1978) predict that the light ends in oils such as 
methane and nitrogen, and the intermediate molecular weight hydrocarbons in oil, such as 
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ethane, propane and butane, have a small effect on CO2 miscibility pressure (Stalkup, 
1984). 
4.2.4 Bubble Point Pressure Determination of the Recombined Reservoir Fluid at 
Ambient Temperature 
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Psat = 904 psig at 75°F
 
Figure 4.5: Bubble point pressure of live reservoir fluid at ambient temperature 
Figure 4.5 shows a plot of the cumulative volume of water collected versus the 
pressure obtained during the determination of the bubble point pressure of the live 
reservoir fluid at ambient conditions obtained by performing the procedure described in 
Chapter 3, Section 3.6. Two different linear sections were identified, one above the 
bubble point and one below the bubble point. Values of above 99% of the coefficient of 
determination (R
2
) were obtained when these two identified different linear sections were 
fitted separately using linear regression, thus indicating excellent fits. These two linear 
regression equations were then solved to obtain the point of their intersection, which was 
the bubble point pressure of the recombined reservoir fluid. 
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The experimentally measured bubble point pressure value of 904 psig at 75°F was 
in good agreement with the value of the bubble point pressure obtained using the CMG-
WinProp software (927 psig at 75°F). The recombined live reservoir fluid was 
pressurized to 4000 psig and was kept at that pressure in order to maintain single phase 
conditions of the fluid at all times. 
4.2.5 Compositional Analysis of Recombined Reservoir Fluid 
The composition of the recombined live reservoir fluid prepared in the laboratory 
was determined by flashing a portion of the sample to ambient conditions (procedure 
described in Chapter 3, Section 3.7), and analyzing the compositions of the flashed 
separated products using gas chromatography. The results of the flashed gas, flashed oil 
and recombined oil are presented in Table 4.11. An excellent match was obtained 
between the target and measured live reservoir fluid composition, thus confirming the use 
of a representative recombined reservoir fluid for conducting IFT experiments using the 
drop shape analysis and capillary rise techniques. 
A compositional analysis was again performed later to check the stability of the 
prepared live oil sample. The compositional analysis results presented in Table 4.12 
indicated that the composition measured on January 7, 2006 was approximately identical 
to that measured on June 3, 2006, thus confirming the integrity of the sample. 
A new batch of recombined reservoir fluid was prepared and the compositional 
analysis was performed on this batch (August 5, 2006). The compositional analysis of 
this new batch presented in Table 4.12 was almost identical to the compositions 
performed on the previous batch. This confirms that true representative fluids were used 
throughout the experimental study. 
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Table 4.11: Composition of prepared recombined reservoir fluid 
Flashed Gas Flashed Oil Recombined Fluid
Mole % Mole % Mole %
Hydrogen Sulphide H2S 0.000 0.000 0.000
Carbon Dioxide CO2 0.026 0.000 0.006
Nitrogen N2 0.047 0.000 0.011
Methane C1 95.610 0.039 23.141
Ethane C2 0.000 0.001 0.000
Propane C3 0.275 0.026 0.085
i-Butane iC4 0.331 0.089 0.148
n-Butane nC4 0.782 0.336 0.444
i-Pentane iC5 0.850 0.973 0.943
n-Pentane nC5 0.625 1.000 0.908
Hexanes C6 0.790 3.488 2.835
Benzene C6 0.000 0.000 0.000
Heptanes C7 0.619 7.815 6.076
Toluene C7 0.000 1.151 0.873
Octanes C8 0.021 10.835 8.220
M/P-Xylene C8 0.000 1.727 1.309
O-Xylene C8 0.000 0.545 0.414
Nonanes C9 0.024 6.053 4.595
Decanes C10 7.118 5.397
Undecanes C11 6.007 4.555
Dodecanes C12 5.347 4.055
Tridecanes C13 5.340 4.049
Tetradecanes C14 5.041 3.823
Pentadecanes C15 4.013 3.043
Hexadecanes C16 3.725 2.825
Heptadecanes C17 3.260 2.472
Octadecanes C18 3.217 2.440
Nonadecanes C19 3.140 2.381
Eicosanes C20 2.325 1.763
Heneicosanes C21 1.852 1.404
Docosanes C22 1.598 1.212
Tricosanes C23 1.600 1.213
Tetracosanes C24 1.448 1.098
Pentacosanes C25 1.292 0.980
Hexacosanes C26 1.126 0.854
Heptacosanes C27 1.021 0.774
Octacosanes C28 0.901 0.683
Nonacosanes C29 0.821 0.622
Triacontanes C30 0.748 0.568
Hentriacontanes C31 0.659 0.500
Dotriacontanes C32 0.565 0.428
Tritriacontanes C33 0.507 0.385
Tetratriacontanes C34 0.432 0.328
Pentatriacontanes C35 0.408 0.309
Hexatriacontanes Plus C36+ 2.411 1.831
Total 100.000 100.000 100.000
Average Molecular Weight 18.55 210.0 163.7
Flash Gas-Oil Ratio, SCF/STB 166.9
Properties of Hexanes Plus (C6+) Recombined Reservoir Fluid
Mole % 74.314
Molecular Weight 213.0
Specific Gravity @ 60/60°F 0.8325
Properties of Heptanes Plus (C7+) Recombined Reservoir Fluid
Mole % 71.479
Molecular Weight 218.0




Table 4.12: Composition of recombined reservoir fluid 
January 7, 2006 June 3, 2006 August 5, 2006
Mole % Mole % Mole %
Hydrogen Sulphide H2S 0.000 0.000 0.000
Carbon Dioxide CO2 0.006 0.038 0.063
Nitrogen N2 0.011 0.051 0.005
Methane C1 23.141 22.984 24.216
Ethane C2 0.000 0.015 0.011
Propane C3 0.085 0.083 0.021
i-Butane iC4 0.148 0.131 0.068
n-Butane nC4 0.444 0.380 0.190
i-Pentane iC5 0.943 0.854 0.638
n-Pentane nC5 0.908 0.823 0.597
Hexanes C6 2.835 2.647 2.353
Benzene C6 0.000 0.000 0.000
Heptanes C7 6.076 5.868 5.378
Toluene C7 0.873 0.807 0.188
Octanes C8 8.220 7.404 7.658
M/P-Xylene C8 1.309 1.303 1.248
O-Xylene C8 0.414 0.404 0.382
Nonanes C9 4.595 4.765 4.693
Decanes C10 5.397 5.508 5.451
Undecanes C11 4.555 4.621 4.636
Dodecanes C12 4.055 4.197 4.179
Tridecanes C13 4.049 4.108 4.232
Tetradecanes C14 3.823 4.000 4.024
Pentadecanes C15 3.043 3.006 3.163
Hexadecanes C16 2.825 2.878 2.949
Heptadecanes C17 2.472 2.537 2.592
Octadecanes C18 2.440 2.492 2.557
Nonadecanes C19 2.381 2.515 2.498
Eicosanes C20 1.763 1.427 1.680
Heneicosanes C21 1.404 1.726 1.590
Docosanes C22 1.212 1.258 1.321
Tricosanes C23 1.213 1.253 1.285
Tetracosanes C24 1.098 1.145 1.170
Pentacosanes C25 0.980 1.004 1.020
Hexacosanes C26 0.854 0.891 0.913
Heptacosanes C27 0.774 0.786 0.817
Octacosanes C28 0.683 0.713 0.733
Nonacosanes C29 0.622 0.649 0.663
Triacontanes C30 0.568 0.595 0.610
Hentriacontanes C31 0.500 0.516 0.533
Dotriacontanes C32 0.428 0.437 0.463
Tritriacontanes C33 0.385 0.395 0.412
Tetratriacontanes C34 0.328 0.340 0.359
Pentatriacontanes C35 0.309 0.302 0.337
Hexatriacontanes Plus C36+ 1.831 2.144 2.104
Total 100.000 100.000 100.000
Average Molecular Weight 163.7 164.2 165.6
Flash Gas-Oil Ratio, SCF/STB 166.9 167.1 165.6
Properties of Hexanes Plus (C6+) Recombined Reservoir Fluid
Mole % 74.314 74.641 74.191
Molecular Weight 213.0 212.9 216.5
Specific Gravity @ 60/60°F 0.8325 0.8320 0.8362
Properties of Heptanes Plus (C7+) Recombined Reservoir Fluid
Mole % 71.479 71.994 71.838
Molecular Weight 218.0 217.5 220.7
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Figure 4.6: Pressure-Temperature (P-T) diagram for the recombined reservoir fluid 
Figure 4.6 depicts a pressure-temperature diagram obtained by inputting the 
recombined reservoir fluid composition into the CMG-WinProp software. It can be seen 
from the figure that the bubble pressure of the fluid was 942 psi at 75°F and 1267 psi at 
the reservoir temperature of 238°F and that this bubble point pressure was well below the 
experimental pressures used for gas-oil IFT measurements at 238°F. 
4.2.6 PVT Properties of the Recombined Reservoir Fluid 
The results of the PVT tests performed on the recombined reservoir fluid sample 
obtained by inputting the recombined reservoir fluid composition into the CMG-WinProp 
program are reported below. 
1. A constant mass expansion test provides fluid properties such as the relative 
volume defined as the ratio of the total volume to the volume at the initial bubble 
pressure, isothermal compressibility coefficient of oil above the bubble point 
pressure, and Y-function which is a dimensionless function used to evaluate 
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laboratory data by smoothing the data, and these results are presented in Table 
4.13. 
Table 4.13: Constant mass expansion of the recombined reservoir fluid at 238°F 
Pressure Relative Oil Oil Y
psig Volume (1) Density Compressibility Function (2)
5000 0.9664 0.6886 6.68E-06
4500 0.9697 0.6863 7.16E-06
4000 0.9733 0.6838 7.71E-06
3500 0.9772 0.6810 8.34E-06
3000 0.9815 0.6780 9.06E-06
2500 0.9862 0.6748 9.89E-06
2000 0.9913 0.6713 1.09E-05
1800 0.9935 0.6699 1.13E-05
1600 0.9958 0.6683 1.18E-05
1400 0.9982 0.6667 1.23E-05













(1) Relative Volume: V/Vsat (Barrels at indicated pressure per barrel 
     at saturation pressure)
(2) Y Function = (Psat-P)/(Pabs)*(V/Vsat-1)  
Table 4.14: Differential liberation of the recombined reservoir fluid at 238°F 
Pressure Solution Relative Relative Oil Gas Formation Gas Deviation Gas
psig Gas/Oil Oil Total Density Volume Factor Gravity
Ratio (1) Volume (2) Volume (3) gm/cc Factor (4)
1252 147.90 1.118 1.118 0.6655 0.01468 0.943 0.580
1100 129.47 1.110 1.165 0.6680 0.01675 0.947 0.580
900 105.74 1.100 1.255 0.6713 0.02055 0.953 0.582
700 82.60 1.091 1.399 0.6745 0.02650 0.961 0.586
500 60.00 1.081 1.662 0.6778 0.03713 0.969 0.593
300 37.84 1.071 2.273 0.6811 0.06132 0.979 0.609
100 15.51 1.061 5.065 0.6844 0.16981 0.990 0.580
0 0 1.052 35.528 0.6865 1.30879 0.995 1.267
At 60°F = 1.000
API Gravity of Residual Oil at 60°F = 64.4
(1) Cubic feet of gas at 14.73 psi and 60°F per barrel of residual oil at 60°F
(2) Barrels of oil at indicated pressure and temperature per barrel of residual oil at 60°F
(3) Barrels of oil plus liberated gas at indicated pressure and temperature per barrel of residual oil at 60°F
(4) Cubic feet of gas at indicated pressure and temperature per cubic foot at 14.73 psi and 60°F  
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2. A differential liberation test simulates the evolution of gas and the shrinkage of 
oil below bubble point at the different stages of depletion in a reservoir. The fluid 
properties such as the differential gas-oil ratio (Rs), differential oil formation 
volume factor (Bo), oil density (ρ), gas compressibility factor (Z) and gas gravity 
(γ) obtained from the differential liberation test are reported in Table 4.14. 
Table 4.15: Single-stage separator tests of the recombined reservoir fluid at 238°F 
Separator Separator Gas/Oil Gas/Oil Stock Formation Separator Specific Gravity 
Pressure Temperature Ratio Ratio (2) Tank Oil Volume Volume Flashed Gas
Gravity Factor Factor
psig °F (1) (2) °API (3) (4)
1252 238 1.111
300 75 92.57 94.43 1.020 0.5615
0 60 44.95 44.95 64.55 1.000 0.6287
Total 139.38
Separator Separator Gas/Oil Gas/Oil Stock Formation Separator Specific Gravity 
Pressure Temperature Ratio Ratio (2) Tank Oil Volume Volume Flashed Gas
Gravity Factor Factor
psig °F (1) (2) °API (3) (4)
1252 238 1.111
200 75 107.59 109.15 1.014 0.5636
0 60 29.79 29.79 64.56 1.000 0.6308
Total 138.94
Separator Separator Gas/Oil Gas/Oil Stock Formation Separator Specific Gravity 
Pressure Temperature Ratio Ratio (2) Tank Oil Volume Volume Flashed Gas
Gravity Factor Factor
psig °F (1) (2) °API (3) (4)
1252 238 1.111
100 75 122.92 124.03 1.009 0.5696
0 60 14.74 14.74 64.56 1.000 0.6317
Total 138.77
Separator Separator Gas/Oil Gas/Oil Stock Formation Separator Specific Gravity 
Pressure Temperature Ratio Ratio (2) Tank Oil Volume Volume Flashed Gas
Gravity Factor Factor
psig °F (1) (2) °API (3) (4)
1252 238 1.111
50 75 131.12 131.94 1.006 0.5787
0 60 7.28 7.28 65.55 1.000 0.6297
Total 139.22
(1) Cubic feet of gas at 14.73 psi and 60°F per barrel of oil at indiated pressure and temperature
(2) Cubic feet of gas at 14.73 psi and 60°F per barrel of stocktank oil at 60°F
(3) Barrels of saturated oil at 1252 psig and 238°F per barrel of stocktank oil at 60°F (Bo)
(4) Barrels of oil at indicated pressure and temperature per barrel of stocktank oil at 60°F (Bo)
Separator Test 4 at 238°F
Separator Test 2 at 238°F
Separator Test 3 at 238°F
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3. Four single-stage separator tests were performed at the stage pressures of 300 
psig, 200 psig, 100 psig, 50 psig and the stocktank stage of 0 psig at 60°F. The 
fluid properties obtained by performing these separator tests such as the formation 
volume factor of the oil (BoSb), solution gas-oil ratio (RsSb), gas gravity (γ) and oil 
density (ρ) are reported in Table 4.15. 
Table 4.16: Differential liberation adjusted to separator conditions at 238°F 
Pressure Solution Relative





















100 psig at 75°F





4. An optimum separator pressure of 100 psig at 75°F was obtained from the four 
single-stage separator tests with the minimum value of formation volume factor of 
the oil (BoSb) and total solution gas-oil ratio, so that maximum oil is produced at 
the surface. The fluid properties produced at the surface (from separator test) are 
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related to the fluid properties at reservoir conditions (from differential liberation 
test). This is achieved by adjusting the differential liberation data to the optimum 
separator conditions of 100 psig at 75°F (procedure described in Chapter 3, 
Section 3.8) and the results of the adjusted data are presented in Table 4.16. 
Table 4.17: Measured viscosities of recombined reservoir fluid at 238°F 






























Viscosity of Recombined Reservoir Fluid 238°F
 
Figure 4.7: Measured viscosities versus pressure of recombined reservoir fluid at 238°F 
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5. A portion of the recombined reservoir fluid sample was sent to a commercial 
laboratory for the determination of viscosities over a wide range of pressures at 
238°F and the results are presented in Table 4.17. The viscosities were 
determined using the electromagnetic viscometer (procedure described in Chapter 
3, Section 3.9). Figure 4.7 shows a plot of the measured viscosities versus 
pressure. A bubble point pressure of 1255 psi at 238°F is seen from the plot. This 
bubble point pressure was in good agreement with the bubble point pressure of 
1267 psi at 238°F obtained from the pressure-temperature diagram (Figure 4.6). 
6. The solubility-swelling test is a laboratory simulation whereby the gas (solvent) 
injected into a reservoir causes swelling of the oil. The fluid properties such as 
saturation pressure (bubble point or dew point), swelling factor, density at 
saturation pressure (ρ) and viscosity at saturation pressure obtained from the 
solubility-swelling test are reported in Table 4.18. 
Table 4.18: Solubility-swelling test of recombined reservoir fluid at 238°F 
Mole Fraction Gas Oil GOR Saturation Swelling Fluid Density Viscosity
of (Scc) (cc) (SCF/BBL) Pressure (psig) Factor Phase (g/cc) (cp)
Injected Gas (1) (2)
0.000 0 0 0 1251 1.000 Bubble Point 0.6655 0.689
0.150 3545 209 95 1662 1.042 Bubble Point 0.6686 0.616
0.300 7091 172 231 2176 1.103 Bubble Point 0.6731 0.517
0.450 10636 135 441 2873 1.194 Bubble Point 0.6799 0.421
0.600 14181 98 809 4002 1.345 Bubble Point 0.6943 0.332
0.700 16545 74 1259 5462 1.508 Bubble Point 0.7183 0.279
0.750 17727 62 1618 6939 1.614 Bubble Point 0.7448 0.260
0.765 18081 58 1756 7742 1.645 Dew Point 0.7586 0.258
0.770 18199 57 1806 8118 1.654 Dew Point 0.7647 0.259
0.780 18436 54 1913 9371 1.660 Dew Point 0.7830 0.265
(1) Cubic feet of gas at 14.73 psi and 60°F per barrel of original resevoir fluid at 238°F
(2) Volume of reservoir fluid plus injection fluid at saturation pressure and temperature per volume of saturated reservoir fluid  
7. The multiple-contact experiment is a static equilibrium test which closely 
simulates continuous interaction of injection gas and reservoir fluid. The steps 
involved in the calculation of the MMP using the CMG-WinProp program are 
described below. 
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1. An initial pressure below MMP is chosen to start the computation. 
2. The recombined reservoir fluid composition (Table 4.11), primary gas 
composition (i.e. CO2), reservoir temperature (238°F), solvent increment 
ratio, equilibrium gas/original oil mixing ratio and pressure range for 
calculations are inputted into the program. 
3. Solvent is added to the reservoir fluid at specified incremental solvent to 
oil molar ratios. 
4. Flash calculations are performed until a two-phase region is detected. If no 
two-phase region is detected, the process indicates first-contact miscibility 
and the calculation stops. 
5. Once the two-phase region is detected, the program checks the relative 
positions of the solvent and the reservoir fluid compositions with respect 
to the limiting tie line. In a condensing multiple-contact process the 
injected gas composition will lie on or to the right and the reservoir fluid 
composition will lie to the left of the limiting tie line. In the vaporizing 
multiple-contact process the injected gas composition will lie to the left 
and the reservoir fluid composition will lie to the right of the limiting tie 
line. 
6. Using the first point detected in the two-phase region from step 4, the 
entire liquid is removed and the remaining gas is combined with the 
original reservoir fluid at a specified equilibrium gas/original oil mixing 
ratio for a vaporizing gas drive process. A number of flash calculations are 
performed. 
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7. Using the first point detected in the two-phase region from step 4, the 
entire vapor is removed and the remaining liquid is combined with the 
original solvent (CO2 gas) at a specified equilibrium gas/original oil 
mixing ratio for a condensing gas drive process. A number of flash 
calculations are performed. 
8. The flash calculation procedure is repeated until; the liquid composition is 
a same as the vapor composition. The pressure at which this occurs is the 
MMP and the program stops. 
9. Otherwise, at specified incremental pressures the steps 4 to 8 are repeated. 
The CMG-WinProp software, predicted a MMP of 6675 psi at 238°F. These 
calculations, using the modified Peng-Robinson (1987) equation of state model, 
showed the mass transfer mechanism of a condensing drive to be responsible for 
miscibility development. The equation of state models for MMP calculations have 
been known to over predict the minimum miscibility pressure. 
4.2.7 Density Measurements of the Recombined Reservoir Fluid 
Densities of the recombined reservoir fluid sample were measured at a wide range 
of pressures at 75°F and 238°F using the old DMA 512P (procedure described in Chapter 
3, Subsection 3.2.1) and the newly acquired DMA HP (procedure described in Chapter 3, 
Subsection 3.2.2). All the measurements of densities over a wide range of pressures at 
75°F and 238°F are summarized in Tables 4.19 and 4.20 respectively. Two sets of 
experiments were performed using constant gas-oil molar ratios and two sets of more 
experiments were performed using constant gas-oil volume ratios over a wide range of 
pressures at 238°F. Densities of the fluid-fluid phases were measured for one set of 
constant gas-oil molar ratio (Rm=0.893/0.107=8.346) experiments using the old DMA 
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512P. Densities of the fluid-fluid phases for gas-oil molar ratio Rm=0.700/0.300=2.333, 
gas-oil volume ratio Rv=0.850/0.150=5.667 and gas-oil volume ratio 
Rv=0.450/0.550=0.818 were performed using the new DMA HP. 
Table 4.19: Measured densities of recombined reservoir fluid at 75°F 
Pressure Temperature Measured Measured Comm. Lab %Deviation %Deviation
 Density  Density Density DMA 512P DMA HP
DMA 512P DMA HP
psig °F gm/cc gm/cc gms/cc
1500 75.0 0.8687 0.8060 0.810 7.8 -0.5
2000 75.0 0.8721 0.8087
2500 75.0 0.8752 0.8114
3000 75.0 0.8786 0.8140 0.818 7.9 -0.5
3500 75.0 0.8817 0.8166
4000 75.0 0.8850 0.8187




6500 75.0 0.8313  
Table 4.20: Measured densities of recombined reservoir fluid at 238°F 
Pressure Temperature Measured Measured Comm. Lab %Deviation %Deviation
 Density  Density Density DMA 512P DMA HP
DMA 512P DMA HP
psig °F gm/cc gm/cc gms/cc
1500 238.0 0.8404 0.7416 0.744 13.3 -0.3
2000 238.0 0.8450 0.7455
2500 238.0 0.8497 0.7487
3000 238.0 0.8543 0.7525 0.755 13.5 -0.3
3500 238.0 0.8586 0.7562
4000 238.0 0.8630 0.7595




6500 238.0 0.7758  
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A portion of the recombined reservoir fluid was also sent to a commercial 
laboratory for density measurements at 75°F and 238°F, to verify the accuracy and 
precision of the instruments. The linear curve fit equations were obtained by plotting the 
densities of the recombined reservoir fluid versus pressure for all the measurements of 
DMA 512P, DMA HP and the values obtained from the commercial laboratory. They are 
shown in Figures 4.8 and 4.9 respectively. The coefficients of determination (R2) values 
of above 99% obtained for all the equations indicate good correlations. 


































Measured Density (DMA 512P)
Measured Density (DMA HP)
Comm. Lab
 
Figure 4.8: Measured pressure densities of recombined reservoir fluid at 75°F 
It can be seen from Figure 4.9 that there was a noticeable deviation of about 13.5% 
between the oil densities measured using the old DMA 515P and that obtained from the 
commercial laboratory. Since the experimental study for the first set of constant gas-oil 
molar ratio (Rm=0.893/0.107=8.346) had already started, a correction factor of 0.0955 
was applied to all the equilibrated oil phase densities obtained while performing the gas-
 141 
oil IFT measurements using the old DMA 512P. However, an excellent agreement was 
obtained for the recombined oil densities measured using the new DMA HP to that 
obtained from the commercial laboratory, needing no correction. 
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Figure 4.9: Measured pressure densities of recombined reservoir fluid at 238°F 
Table 4.21: Fluid properties at 75°F 
Pressure Recombined
(psig) Reservoir Fluid
Compressibility, z Density, (g/cc) Measured Density
(CMG-WinProp) (NIST) (g/cc)
1500 0.232 0.8337 0.8060
2000 0.288 0.8727 0.8087
2500 0.342 0.9013 0.8114
3000 0.396 0.9243 0.8140
3500 0.448 0.9436 0.8166
4000 0.499 0.9604 0.8187
4500 0.550 0.9753 0.8216
5000 0.600 0.9888 0.8237
5500 0.649 1.0011 0.8265
6000 0.697 1.0125 0.8287
6500 0.745 1.0230 0.8313
Molecular Weight of Carbon Dioxide = 44.01 g/mole
Molecular Weight of Recombined Reservoir Fluid = 163.72 g/mole





The properties of carbon dioxide and recombined reservoir fluid at 75°F and 
238°F are summarized in the Tables 4.21 and 4.22 respectively. 
Table 4.22: Fluid properties at 238°F 
Pressure Recombined
(psig) Reservoir Fluid
Compressibility, z Density, (g/cc) Measured Density
(CMG-WinProp) (NIST) (g/cc)
1500 0.774 0.1822 0.7416
2000 0.720 0.2641 0.7455
2500 0.685 0.3531 0.7487
3000 0.670 0.4388 0.7525
3500 0.671 0.5123 0.7562
4000 0.684 0.5720 0.7595
4500 0.705 0.6202 0.7632
5000 0.729 0.6599 0.7665
5500 0.757 0.6933 0.7696
6000 0.786 0.7219 0.7735
6500 0.817 0.7469 0.7758
Molecular Weight of Carbon Dioxide = 44.01 g/mole
Molecular Weight of Recombined Reservoir Fluid = 163.72 g/mole




4.3 IFT Measurements of CO2-Reservoir Fluid System at 238°F 
Gas-oil interfacial tension (IFT) measurements, densities of the equilibrated fluid 
phases and compositional analysis of the equilibrated fluid-fluid phases were performed 
with the recombined reservoir fluid as the liquid phase and carbon dioxide as the gas 
phase after equilibrating them in the high pressure optical cell. First two sets of 
experiments were carried out using constant gas-oil molar ratios and the later two sets of 
experiments using constant gas-oil volume ratios at the reservoir temperature of 238°F 
and varying experimental pressures from 1500 psig to 6000 psig. This was done to 
investigate the compositional effects on interfacial tension and gas-oil miscibility. 
The densities of the equilibrated fluid phases at the different pressures for the 
constant gas/oil molar ratio Rm=8.346 at 238°F were performed as per the procedure 
described in Chapter 3, Subsection 3.2.1 using the old DMA 512P densitometer and a 
correction factor of 0.0955 was subtracted from each liquid phase density to correct for 
the consistent deviations observed. The densities of the equilibrated fluid phases at 
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different pressures for the constant gas/oil molar ratio Rm=2.333, constant gas-oil 
volume ratio Rv=5.667 and constant gas/oil volume ratio Rv=0.818 were performed as 
per the procedure described in Chapter 3, Subsection 3.2.2 using the new DMA HP 
densitometer. 
The composition of the equilibrated gas phase at each test pressure was performed 
as per the procedure described in Chapter 3, Subsection 3.1.2. The equilibrated liquid 
phase for each experimental pressure was flashed to ambient conditions and the detailed 
procedure for this flash separation test is described in Chapter 3, Section 3.7. 
The optical cell was thoroughly cleaned at the end of each pressure test, evacuated 
and reloaded with fresh recombined reservoir fluid and CO2 to the start the test at the next 
pressure. This was to avoid compositional interference from the previous experiment. 
This procedure is distinctly different from previously conducted tests (Ayirala, 2005) 
wherein all IFT measurements were made at varying pressures but with the same initial 
load of live oil and gas phases.  
One batch of prepared recombined reservoir fluid was used in performing the IFT 
measurements at the constant gas/oil molar ratio Rm=8.346 and a second batch of 
prepared recombined reservoir fluid was used in performing the IFT measurements at the 
constant gas/oil molar ratio Rm=2.333, constant gas/oil volume ratio Rv=5.667 and 
constant gas/oil volume ratio Rv=0.818. However as described previously in Subsection 
4.2.5 (Table 4.12), this recombined reservoir fluid composition in all cases were quite 
similar. 
4.3.1 Constant Gas/Oil Molar Ratio Experiments 
Gas-oil IFT measurements were carried out at various pressures using a constant 
gas-oil molar ratio of 0.893 mole fraction of carbon dioxide gas and 0.107 mole fraction 
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of recombined reservoir fluid as feed in the mixture (Rm=0.893/0.107=8.346). Gas-Oil 
IFT measurements were also carried out using a constant gas-oil molar ratio of 0.700 
mole fraction of carbon dioxide gas and 0.300 mole fraction of recombined reservoir 
fluid as feed in the mixture (Rm=0.700/0.300=2.333). 
The measured densities of the equilibrated gas and liquid phases at 238°F and 
equilibrium interfacial tension values obtained from the drop shape and the capillary rise 
techniques for the constant gas-oil molar ratio of Rm=8.346 are summarized in the Table 
4.23. The compositional analysis of the equilibrated gas and liquid phases at 238°F for 
the constant gas/oil molar ratio Rm=8.346 are summarized in the Tables 4.24 and 4.25 
respectively. The detailed measured compositional analysis of the equilibrated gas phase 
and equilibrated liquid phase obtained at the constant gas/oil molar ratio Rm=8.346 are 
given in Appendices B1 to B9. 
Table 4.23: Summary of the equilibrated fluid densities and gas-oil IFT measurements at 
constant gas/oil molar ratio of 0.893 mole fraction of CO2 and 0.107 mole fraction of 
recombined reservoir fluid (Rm=0.893/0.107=8.346) at 238°F 
Gas Mole Fraction 0.893
Oil Mole Fraction 0.107
Pressure Density Diff. Capillary
Oil Gas ∆ρ Height Capillary Rise Pendant Drop
(psig) (g/cc) (g/cc) (cm) (dyne/cm) (dyne/cm) Gas Oil
1500 0.7660 0.1670 0.5990 0.475 6.97 7.30 0.901 0.099
2000 0.7665 0.2482 0.5183 0.358 4.54 6.00 0.864 0.136
2500 0.7725 0.3590 0.4135 0.317 3.21 4.85 0.826 0.174
3000 0.7775 0.4170 0.3605 0.237 2.09 3.00 0.794 0.206
3500 0.7975 0.5070 0.2905 0.211 1.50 1.70 0.768 0.232
4000 0.8005 0.5830 0.2175 0.192 1.02 1.35 0.749 0.251
5000 0.8055 0.7020 0.1035 0.133 0.34 0.13 0.723 0.277
5500 0.8115 0.7790 0.0325 0.121 0.10 * 0.714 0.286
6000 0.8145 0.7980 0.0165 0.026 0.01 * 0.706 0.294
* Could not form drop due to approaching miscibility between fluid phases





Table 4.24: Compositional analysis of the equilibrated gas phase at constant gas/oil 
molar ratio of 0.893 mole fraction of CO2 and 0.107 mole fraction of recombined 
reservoir fluid (Rm=0.893/0.107=8.346) at 238°F 
Gas Mole Fraction 0.893
Oil Mole Fraction 0.107
1500 2000 2500 3000 3500 4000 5000 5500 6000
Hydrogen Sulphide H2S 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Carbon Dioxide CO2 97.249 97.286 97.125 96.769 96.893 97.300 97.589 96.885 96.900
Nitrogen N2 0.051 0.013 0.014 0.034 0.108 0.048 0.029 0.004 0.128
Methane C1 1.958 2.024 2.066 2.263 2.253 2.269 2.007 2.196 2.236
Ethane C2 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Propane C3 0.008 0.014 0.007 0.009 0.008 0.000 0.000 0.007 0.029
i-Butane iC4 0.013 0.019 0.012 0.013 0.012 0.011 0.010 0.013 0.028
n-Butane nC4 0.038 0.044 0.033 0.037 0.033 0.029 0.026 0.035 0.053
i-Pentane iC5 0.069 0.071 0.063 0.069 0.061 0.048 0.044 0.068 0.070
n-Pentane iC5 0.065 0.068 0.059 0.064 0.057 0.042 0.038 0.063 0.074
Hexanes C6 0.157 0.141 0.156 0.170 0.146 0.086 0.082 0.171 0.116
Heptanes Plus C7+ 0.392 0.320 0.465 0.572 0.429 0.167 0.175 0.558 0.366
Total 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000
Density, at Pressure (g/cc) 0.1670 0.2482 0.3590 0.4170 0.5070 0.5830 0.7000 0.7790 0.7980
Molecular Weight 43.81 43.75 43.83 43.86 43.74 43.54 43.62 43.87 43.70





Table 4.25: Compositional analysis of the equilibrated liquid phase at constant gas/oil 
molar ratio of 0.893 mole fraction of CO2 and 0.107 mole fraction of recombined 
reservoir fluid (Rm=0.893/0.107=8.346) at 238°F 
Gas Mole Fraction 0.893
Oil Mole Fraction 0.107
1250 1500 2000 2500 3000 3500 4000 5000 5500 6000
Recombined
Reservoir Fluid*
Hydrogen Sulphide H2S 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Carbon Dioxide CO2 0.006 45.015 52.302 58.088 62.244 66.425 69.088 72.756 73.896 75.852
Nitrogen N2 0.011 0.013 0.000 0.002 0.000 0.018 0.017 0.013 0.005 0.016
Methane C1 23.141 0.651 0.829 0.907 1.120 1.236 1.374 1.371 1.601 1.462
Ethane C2 0.000 0.004 0.007 0.006 0.006 0.003 0.002 0.007 0.014 0.006
Propane C3 0.085 0.012 0.013 0.011 0.012 0.011 0.012 0.008 0.013 0.009
i-Butane iC4 0.148 0.026 0.027 0.021 0.021 0.020 0.021 0.016 0.021 0.016
n-Butane nC4 0.444 0.088 0.088 0.067 0.067 0.065 0.061 0.049 0.061 0.049
i-Pentane iC5 0.943 0.247 0.262 0.177 0.169 0.148 0.141 0.102 0.134 0.104
n-Pentane iC5 0.908 0.264 0.230 0.185 0.173 0.151 0.141 0.099 0.129 0.105
Hexanes C6 2.835 1.048 1.152 0.716 0.642 0.561 0.492 0.314 0.386 0.306
Heptanes Plus C7+ 71.479 52.632 45.090 39.820 35.546 31.362 28.651 25.265 23.740 22.075
Total 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000
Density, at Pressure (g/cc) 0.7403 0.7660 0.7665 0.7725 0.7775 0.7975 0.8005 0.8055 0.8115 0.8145
Molecular Weight (Recombined Oil) 163.7 145.2 129.5 122.1 113.8 108.3 105.1 104.4 101.3 98.2
Molecular Weight C7+ (Recombined Oil) 218.0 235.5 232.7 239.6 240.0 248.9 257.5 283.7 286.2 290.6
Flash GOR, SCF/STB 0 410 560 686 825 961 1061 1148 1236 1340






Table 4.26: Summary of the equilibrated fluid densities and gas-oil IFT measurements at 
constant gas/oil molar ratio of 0.700 mole fraction of CO2 and 0.300 mole fraction of 
recombined reservoir fluid (Rm=0.700/0.300=2.333) at 238°F 
Gas Mole Fraction 0.700
Oil Mole Fraction 0.300
Pressure Density Diff. Capillary
Oil Gas ∆ρ Height Capillary Rise Pendant Drop
(psig) (g/cc) (g/cc) (cm) (dyne/cm) (dyne/cm) Gas Oil
2000 0.7689 0.2362 0.5327 0.112 3.27 * 0.639 0.361
3000 0.7703 0.3749 0.3954 0.160 1.55 * 0.518 0.482
3500 0.7709 0.4326 0.3383 0.105 0.87 * 0.481 0.519
4000 0.7720 0.4965 0.2755 0.080 0.54 * 0.454 0.546
5000 0.7726 0.5807 0.1919 0.040 0.19 * 0.421 0.579
6000 0.7795 0.6781 0.1014 0.004 0.01 * 0.402 0.598
* Equilibrium IFT of the pendant drop could not be calculated as the optical cell was filled with significant amount of reservoir fluid
Equilibrium IFTEquilibrated Phase Densities Corresponding
Volume Fraction 
 
Table 4.27: Compositional analysis of the equilibrated gas phase at constant gas/oil 
molar ratio of 0.700 mole fraction of CO2 and 0.300 mole fraction of recombined 
reservoir fluid (Rm=0.700/0.300=2.333) at 238°F 
Gas Mole Fraction 0.700
Oil Mole Fraction 0.300
2000 3000 3500 4000 5000 6000
Hydrogen Sulphide H2S 0.000 0.000 0.000 0.000 0.000 0.000
Carbon Dioxide CO2 81.305 81.419 83.423 84.131 84.269 84.027
Nitrogen N2 0.086 0.050 0.066 0.073 0.073 0.286
Methane C1 18.131 17.609 15.445 14.529 14.324 14.568
Ethane C2 0.000 0.000 0.000 0.000 0.000 0.000
Propane C3 0.014 0.017 0.013 0.017 0.011 0.016
i-Butane iC4 0.025 0.027 0.023 0.027 0.026 0.027
n-Butane nC4 0.055 0.059 0.057 0.062 0.066 0.061
i-Pentane iC5 0.091 0.107 0.116 0.123 0.156 0.123
n-Pentane iC5 0.070 0.098 0.094 0.109 0.134 0.110
Hexanes C6 0.110 0.193 0.241 0.260 0.279 0.258
Heptanes Plus C7+ 0.113 0.421 0.522 0.669 0.662 0.524
Total 100.000 100.000 100.000 100.000 100.000 100.000
Density, at Pressure (g/cc) 0.2362 0.3749 0.4326 0.4965 0.5807 0.6781
Molecular Weight 39.10 39.49 40.18 40.54 40.61 40.39





The measured densities of the equilibrated gas and liquid phases and equilibrium 
interfacial tension values obtained from the capillary rise technique for the constant gas-
oil molar ratio Rm=5.667are summarized in Table 4.26. The compositional analysis of 
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the equilibrated gas and liquid phases at 238°F for the constant gas/oil molar ratio 
Rm=5.667 are summarized in the Tables 4.27 and 4.28 respectively. The detailed 
measured compositional analysis of the equilibrated gas phase and equilibrated liquid 
phase obtained at the constant gas/oil molar ratio Rm=5.667 are given in the Appendices 
C1 to C6. 
Table 4.28: Compositional analysis of the equilibrated liquid phase at constant gas/oil 
molar ratio of 0.700 mole fraction of CO2 and 0.300 mole fraction of recombined 
reservoir fluid (Rm=0.700/0.300=2.333) at 238°F 
Gas Mole Fraction 0.700
Oil Mole Fraction 0.300
1250 2000 3000 3500 4000 5000 6000
Recombined
Reservoir Fluid*
Hydrogen Sulphide H2S 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Carbon Dioxide CO2 0.063 40.034 59.786 64.775 65.971 69.951 72.702
Nitrogen N2 0.005 0.004 0.000 0.006 0.014 0.010 0.037
Methane C1 24.216 3.073 3.719 3.815 3.948 4.240 5.052
Ethane C2 0.011 0.017 0.008 0.005 0.009 0.004 0.008
Propane C3 0.021 0.015 0.011 0.009 0.010 0.009 0.008
i-Butane iC4 0.068 0.035 0.029 0.025 0.023 0.022 0.022
n-Butane nC4 0.190 0.101 0.083 0.066 0.067 0.062 0.061
i-Pentane iC5 0.638 0.334 0.240 0.202 0.186 0.185 0.168
n-Pentane iC5 0.597 0.324 0.234 0.189 0.178 0.176 0.156
Hexanes C6 2.353 1.382 0.873 0.719 0.665 0.177 0.536
Heptanes Plus C7+ 71.838 54.681 35.017 30.189 28.929 24.657 21.250
Total 100.000 100.000 100.000 100.000 100.000 99.493 100.000
Density, at Pressure (g/cc) 0.7403 0.7689 0.7703 0.7709 0.7720 0.7726 0.7795
Molecular Weight (Recombined Oil) 165.7 144.3 110.2 102.1 98.9 89.7 84.0
Molecular Weight C7+ (Recombined Oil) 220.7 227.6 234.6 240.0 236.2 232.4 237.3
Flash GOR, SCF/STB 0 389 866 1062 1149 1452 1736





4.3.1.1 Effect of Constant Gas/Oil Molar Ratio on Fluid Phase Compositions, 
Densities and Molecular Weights 
The following observations can be made regarding the effects of the two selected 
constant gas/oil molar ratios on the compositions, densities and molecular weights of the 
equilibrated gas and liquid phases using the Figures 4.10, 4.11 4.12, 4.13, 4.14, 4.15, 4.16 
and the Tables 4.23 and 4.26, respectively. 
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1. Figure 4.10 shows the plot of gas/oil volume ratio versus pressure for the two 
selected constant gas-oil molar ratios and indicates the decreasing trend of gas/oil 
volume ratios with increasing pressures in the feed mixtures used for conducting 
the IFT experiments at various pressures. It can be seen from Figure 4.10 that the 
gas/oil volume ratio decreases rapidly until a pressure of 4000 psig and then 
remains approximately constant for the constant gas/oil molar ratio Rm=8.346, 
and is an indication of approximately constant volumes of gas and constant 
volumes of oil in the feed mixture at each pressure. The gas/oil volume ratio 
displays a limited variation (3500 psig to 6000 psig) for the constant gas/oil molar 
ratio Rm=2.333. This is also an indication of approximately of constant volumes 




























Constant Gas/Oil Molar Ratio (Rm=0.893/0.107=8.346)
Constant Gas/Oil Molar Ratio (Rm=0.700/0.300=2.333)
 
Figure 4.10: The dependence of gas/oil volume ratio on pressure at constant gas/oil 
molar ratios 
2. Figure 4.11 is a plot of the equilibrated fluid phase densities versus pressure for 
the two selected constant gas/oil molar ratios. As can be seen from Figure 4.11 the 
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equilibrated gas phase density increases very rapidly with pressures and the 
equilibrated liquid phase density increases very slowly with pressures. The 
difference in the densities between the equilibrated gas and liquid phase gradually 
decreases with pressure, which provides evidence for CO2 gas approaching the 
miscibility pressure with this particular reservoir fluid. At Rm=2.333 the 
difference in densities of the equilibrated gas and liquid phase large when 
compared to that at Rm=8.346. This was due to the more reservoir fluid in the 
feed mixture that resulted in more extraction of hydrocarbons from the liquid 
phase by CO2 for Rm=2.333 when compared to Rm=8.346 which had less 
reservoir fluid in the feed mixture that resulted in less extraction of hydrocarbons 





















Gas Phase (Rm=0.893/0.107=8.346) Liquid Phase (Rm=0.893/0.107=8.346)
Gas Phase (Rm=0.700/0.300=2.333) Liquid Phase (Rm=0.700/0.300=2.333)
 
Figure 4.11: The effect of equilibrated gas and liquid phase densities at constant gas/oil 
molar ratios at 238°F 
3. Figure 4.12 is a plot of CO2 mole% content in the equilibrated fluid phases versus 
pressure for the two selected gas/oil molar ratios. The equilibrated gas phase 
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compositions for the constant gas/oil molar ratio of Rm=8.356 indicated a CO2 
composition of about 97 mole% as shown in Figure 4.12 at various experimental 
pressures at 238°F. This confirms that the extraction of light components from the 
liquid phase into gas phase is quite low. The densities of pure CO2 gas and the 
measured densities of the equilibrated gas phase (shown in Table 4.22) are almost 
similar at all the pressures, which proves that the gas phase is predominantly CO2. 
It can also be seen from Figure 4.12 that the CO2 component from the equilibrated 
gas phase compositions for the second gas/oil molar ratio of Rm=2.333 is 
approximately constant at about 83 mole% for the various experimental pressures 
at 238°F. This once again confirms the interpretations of negligible extraction of 
light components from the liquid phase into the gas phase for this particular 























Gas Phase (Rm=0.893/0.107=8.346) Liquid Phase (Rm=0.893/0.107=8.346)
Gas Phase (Rm=0.700/0.300=2.333) Liquid Phase (Rm=0.700/0.300=2.333)
Original Reservoir Fluid
 
Figure 4.12: CO2 content in the equilibrated gas and liquid phases at 238°F 
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Thus it can be concluded that mole% of CO2 component in the 
equilibrated gas phase does not change appreciably with increase in pressure for 
the two selected gas-oil molar ratios. The absence of light hydrocarbon 
components (C2-C5) in this particular depleted reservoir fluid seems to be the 





















Gas Phase (Rm=0.893/0.107=8.346) Liquid Phase (Rm=0.893/0.107=8.346)
Gas Phase (Rm=0.700/0.300=2.333) Liquid Phase (Rm=0.700/0.300=2.333)
Original Reservoir Fluid
 
Figure 4.13: C7+ content in the equilibrated gas and liquid phases at 238°F 
4. Figure 4.13 is a plot of C7+ mole % content in the equilibrated fluid phases versus 
pressure. Figure 4.14 is a plot of molecular weights of the equilibrated fluid 
phases versus pressure. The amount of CO2 dissolving in the reservoir fluid has 
increased rapidly with pressure as indicated by the decline in heptanes plus 
content and molecular weight of the reservoir fluid with increasing experimental 
pressures at 238°F as indicated in Figures 4.12 and 4.13, respectively. It can also 
be seen from Figure 4.12 that the CO2 concentration in the liquid phase increases 
significantly with increase in pressure until 4000 psig and then slowly up to 6000 
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psig. This indicates that the recombined reservoir fluid was gradually saturated 






























Gas Phase (Rm=0.893/0.107=8.346) Liquid Phase (Rm=0.893/.107=8.346)
Gas Phase (Rm=0.700/0.300=2.333) Liquid Phase (Rm=0.700/0.300=2.333)
Original Reservoir Fluid
 
Figure 4.14: Equilibrated gas and liquid phase molecular weights as a function of 
pressure at constant initial gas/oil molar ratio at 238°F 
Figure 4.15 is a plot of flash GOR of the liquid phase versus pressure. The 
solubility of CO2 in the recombined reservoir fluid was also indicated by the 
increasing gas-oil ratios obtained by performing a flash separation analysis on the 
equilibrated liquid phases (procedure described in Chapter 3, Section 3.7) with 
increasing pressures (Figure 4.15). Due to this phenomenon the molecular weights 
of the equilibrated liquid phase decreased quite rapidly up to a pressure of about 
3000 psig and then remained approximately constant for the various pressures 
from 3500 psig to 6000 psig as shown in Figure 4.14. As a result of this, the 
difference in the molecular weights of the equilibrated gas phase and equilibrated 
liquid phase decreased continuously with increasing pressure, due to continuous 
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dissolving of CO2 gas in the liquid phase with increasing pressure. This is an 




























Liquid Phase (Rm=0.893/0.107=8.346) Liquid Phase (Rm=0.700/0.300=2.333)
Original Reservoir Fluid
 


















Gas Phase (Rm=0.893/0.107=8.346) Liquid Phase (Rm=0.893/0.107=8.346)
Gas Phase (Rm=0.700/0.300=2.333) Liquid Phase (Rm=0.700/0.300=2.333)
Original Reservoir Fluid
 
Figure 4.16: C1 content in the equilibrated gas and liquid phases at 238°F 
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5. Figure 4.16 is a plot of C1 content in the equilibrated fluid phases versus pressure. 
The amount of C1 extracted by CO2 from the liquid phase into the gas phase as 
shown in Figure 4.16 is less at the constant gas-oil molar ratio Rm=8.346 when 
compared to the case of lower gas-oil molar ratio Rm=2.333. This is due to the 
less amount of reservoir oil present in the feed mixture and hence less C1 available 
in the feed mixture for extraction at the gas-oil molar ratio of Rm=8.346 than the 
lower gas/oil molar ratio of Rm=2.333. 
6. There appears to be less interaction of the CO2 with the liquid phase as can be 
seen from the compositional analysis data shown in Figures 4.12, 4.13 and 4.16 
and hence there is less transfer of components from the liquid phase into the gas 
phase. The role of CO2 in these experiments was interpreted to be continuous 
dissolving in the liquid phase with increase in pressure. This is due to the absence 
of C2-C5 components in the depleted reservoir fluid. This indicates that a 
condensing gas drive mechanism is mainly responsible for the miscibility 
development in this type of reservoir system. 
4.3.1.2 Effect of Gas/Oil Molar Ratios on Interfacial Tension 
The following important observations can be made from the gas/oil IFT 
measurements conducted for the two selected constant gas/oil molar ratios at 238°F. 
1. Figure 4.17 are video images of the drop shapes captured by a digital video 
camera at various pressures for the gas/oil molar ratio Rm=8.346. Figure 4.18 are 
video images of the capillary heights of the liquid phase captured using the digital 
video camera at various pressures for the same gas/oil molar ratio Rm=8.346. 
The equilibrium IFT measured from the pendant drop technique is slightly 
high compared to that measured using the capillary rise technique at the constant 
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gas/oil ratio Rm=8.346 (Table 4.23 and Figures 4.17 and 4.18). This is due to the 
less contact time of 6 hours between the fluid phases for the pendant drop 
technique as compared to the more equilibration time of 24 hours for the capillary 
rise technique, at the same gas/oil molar ratio Rm=8.346. 
*Note: The ADSA program was not able to calculate the IFT because of the irregular shapes of the drops
Pressure (psig) = 1500 
Gas/Oil IFT (dyne/cm) = 7.30
Pressure (psig) = 2000 
Gas/Oil IFT (dyne/cm) = 6.00
Pressure (psig) = 3500 
Gas/Oil IFT (dyne/cm) = 1.70
Pressure (psig) = 4000 Pressure (psig) = 5000 Pressure (psig) = 5500 Pressure (psig) = 6000 
Pressure (psig) = 2500 
Gas/Oil IFT (dyne/cm) = 4.85
Pressure (psig) = 3000 
Gas/Oil IFT (dyne/cm) = 3.00
Gas/Oil IFT (dyne/cm) = 1.35 Gas/Oil IFT (dyne/cm) = 0.13 Gas/Oil IFT (dyne/cm) =* Gas/Oil IFT (dyne/cm) = *
 
Figure 4.17: Gas/Oil IFT using the pendant drop shape images at constant initial gas/oil 
molar ratio at 238°F (Rm=0.893/0.107=8.346) 
Gas/Oil IFT (dyne/cm) = 4.54
Pressure (psig) = 3000 
Height (cm) = 0.237
Pressure (psig) = 1500
Height (cm) = 0.475
Pressure (psig) = 2500
Height (cm) = 0.358
Pressure (psig) = 3500 
Height (cm) = 0.211
Pressure (psig) = 5000 
Height (cm) = 0.133
Pressure (psig) = 5500 
Height (cm) = 0.121
Pressure (psig) = 6000 
Height (cm) = 0.026
Pressure (psig) = 2500 
Height (cm) = 0.317
Gas/Oil IFT (dyne/cm) = 3.21 Gas/Oil IFT (dyne/cm) = 2.09 Gas/Oil IFT (dyne/cm) = 1.50
Gas/Oil IFT (dyne/cm) = 1.02 Gas/Oil IFT (dyne/cm) = 0.34 Gas/Oil IFT (dyne/cm) = 0.10 Gas/Oil IFT (dyne/cm) = 0.01
Pressure (psig) = 4000 
Height (cm) = 0.192
Gas/Oil IFT (dyne/cm) = 6.97
 
Figure 4.18: Gas/Oil IFT using the capillary rise at constant initial gas/oil molar ratio at 
238°F (Rm=0.893/0.107=8.346) 
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2. It can also be seen from Figure 4.17 that the IFT measurements at pressures of 
5000, 5500 and 6000 psig could not be determined using the pendant drop 
technique due to the irregular shapes of the oil drops and the oil drops 
disappearing into the gas phase as the miscibility pressure is approached. This is 
an indication of the CO2-reservoir fluid system approaching miscibility and 
consequently becoming a single phase fluid system. 
Gas/Oil IFT (dyne/cm) =0.19 Gas/Oil IFT (dyne/cm) = 0.01Gas/Oil IFT (dyne/cm) = 3.27 Gas/Oil IFT (dyne/cm) = 1.55 Gas/Oil IFT (dyne/cm) = 0.87 Gas/Oil IFT (dyne/cm) = 0.54
Pressure, psig = 4000
Height (cm) = 0.080
Pressure, psig = 3000
Height (cm) = 0.160
Pressure, psig = 6000
Height (cm) = 0.004
Pressure, psig = 5000
Height (cm) = 0.040
Pressure, psig = 3500
Height (cm) = 0.105
Pressure (psig) = 2000 
Thick. (cm) = 0.102
 
Figure 4.19: Gas/Oil IFT using the capillary rise at constant initial gas/oil molar ratio at 
238°F (Rm=0.700/0.300=2.333) 
3. Figure 4.19 shows capillary height images of the liquid captured using the digital 
video camera at various pressure for the constant gas/oil molar ratio Rm=2.333. 
The measured capillary heights decreased (Figures 4.18 and 4.19) as the 
experimental pressures increased. This is due to the lowering of the IFT between 
CO2 and the live reservoir fluid as pressure increases. The interfacial forces 
between carbon dioxide and recombined reservoir fluid approach zero as fluids 
approach miscibility. 
4. Figure 4.20 is a plot of gas/oil IFT values versus pressure obtained using the 
pendant drop and capillary rise techniques for the constant gas/oil molar ratio of 
Rm=8.346. From Figure 4.20 it can be seen that the equilibrium IFT values 
measured using the pendant drop and capillary rise techniques agree reasonably 
well and that an exponential curve appears to fit IFT measurements at different 
pressures. However, the exponential curve cannot be extrapolated to zero 
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interfacial tension to determine the minimum miscibility pressure. It was also 
noticed from Figure 4.20 that the last seven pressure points could provide a linear 



























Capillary Rise Pendant Drop
Gas-Oil Molar Ratio (Rm=0.893/0.107=8.346)
 
Figure 4.20: Comparison of IFT measurements using pendant drop and capillary rise 
techniques at constant initial gas/oil molar ratio at 238°F (Rm=0.893/0.107=8.346) 
5. Figure 4.21 show that a good linear fit exists at the constant gas/oil ratio 
Rm=8.346 using the capillary rise technique when the equilibrium IFT 
measurements are plotted against the reciprocal of pressure using a hyperbolic 
function with a coefficient of determination (R
2
) of 0.9952. The linear regression 
equation when extrapolated to zero interfacial tension axis provides a minimum 
miscibility pressure of 6180 psig for the constant gas-oil molar ratio Rm=8.346 
and indicates a condition where there is no interface between the fluid-fluid 
phases and CO2 and live reservoir form a single phase. 
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Gas-Oil Molar Ratio (Rm=0.893/0.107=8.346) Gas-Oil Molar Ratio (Rm=0.700/0.300=2.333)
Equilibrium MMP = 8770.6/1.411 = 6216 psig
Equilibrium MMP = 13287/2.15 = 6180 psig
 
Figure 4.21: Effect of initial gas/oil molar ratio on gas-oil IFT and equilibrium MMP 
using VIT at 238°F 
Figure 4.21 shows that a good linear fit also exists when the equilibrium 
IFT measurements are plotted against the reciprocal of pressure at the constant 
gas-oil molar ratio Rm 2.333 using a hyperbolic function with a coefficient of 
determination (R
2
) of 0.9691. The linear regression equation when extrapolated to 
zero interfacial tension provides a minimum miscibility pressure of 6216 psig for 
the constant gas-oil molar ratio of Rm=2.333. 
6. From Figure 4.21 it can be seen that equilibrium IFT values measured for the 
Rm=8.346 were high compared to the case when Rm=2.333. This appears to be 
due to less amount of reservoir oil available in the feed at Rm=8.246 and hence 
less interaction of CO2 with the reservoir fluid. This has resulted in the lower 
extraction of components from the liquid phase. However, relatively more amount 
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of reservoir oil is available in the feed when Rm=2.333 and hence the interaction 
of CO2 with the reservoir fluid appears to be more due to the greater amount of 
components available in the liquid phase for extraction. 
7. It can be seen from Figure 4.21 that the equilibrium IFT values measured at the 
two widely different gas/oil molar ratios of Rm=8.346 and Rm=2.333 converge 
almost to the same point of zero interfacial tension. This indicates that the 
equilibrium IFT measurements for the two selected gas-oil molar ratios move 
along different paths, but they both appear to converge at about the same end 
point of zero interfacial tension to yield similar minimum miscibility pressures, 
within about 0.6% of each other. 
4.3.2 Constant Gas/Oil Volume Ratio Experiments 
In the previous section, IFT measurements were performed using the constant 
gas-oil molar ratios as feed in the mixture. The following section discusses the results of 
the gas-oil IFT measurements performed with constant gas-oil volume ratio using the 
recombined reservoir crude oil as the liquid phase and carbon dioxide as the gas phase. 
These experiments were conducted at the reservoir temperature of 238°F and varying 
experimental pressures from 1500 psig to 6000 psig. This was done mainly to investigate 
the effect of compositional paths on the gas-oil IFT measurements using the constant 
gas/oil volume ratio approach. 
Measurements were carried out using a constant gas-oil volume ratio of 0.850 
volume fraction of carbon dioxide gas and 0.150 volume fraction of recombined reservoir 
fluid as feed in the mixture (Rv=0.850/0.150=5.667) and a constant gas-oil volume ratio 
of 0.450 volume fraction of carbon dioxide gas and 0.550 volume fraction of recombined 
reservoir fluid as feed in the mixture (Rv=0.450/0.550=0.818). 
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The measured densities of the equilibrated gas liquid phases at 238°F and 
interfacial tension values obtained from the pendant drop and the capillary height 
techniques at the constant gas/oil volume ratio Rv=5.667 are summarized in the Table 
4.29. 
Table 4.29: Summary of the equilibrated fluid densities and gas-oil IFT measured at 
constant gas/oil volume ratio of 0.850 volume fraction of CO2 and 0.150 volume fraction 
of recombined reservoir fluid (Rv=0.850/0.150=5.667) at 238°F 
Gas Volume Fraction 0.850
Liquid Volume Fraction 0.150
Pressure Density Diff. Capillary First-Contact IFT
Oil Gas ∆ρ Height Capillary Rise Pendant Drop Pendant Drop
(psig) (g/cc) (g/cc) (cm) (dyne/cm) (dyne/cm) (dyne/cm) Gas Oil
2000 0.7760 0.2167 0.5594 0.480 6.58 6.85 7.30 0.882 0.118
3000 0.7922 0.4250 0.3672 0.375 3.37 3.75 4.21 0.925 0.075
4000 0.8104 0.5349 0.2756 0.195 1.32 1.44 2.15 0.941 0.059
5000 0.8280 0.6158 0.2122 0.125 0.65 0.75 1.00 0.948 0.052
6000 0.8583 0.6861 0.1722 - *(1) *(2) *(3) 0.952 0.048
*(1) IFT could not be determined due to less oil in the feed mixture and the approaching miscibility between the fluid phases
*(2) and *(3) drop shapes could not be formed due to the approaching misciblity between the fluid phases
Equilibrium IFTEquilibrated Phase Densities Corresponding
Mole Fraction 
 
Table 4.30: Compositional analysis of the equilibrated gas phase at constant gas/oil 
volume ratio of 0.850 mole fraction of CO2 and 0.150 mole fraction of recombined 
reservoir fluid (Rv=0.850/0.150=2.333) at 238°F 
Gas VolumeFraction 0.850
Liquid Volume Fraction 0.150
2000 3000 4000 5000 6000
Hydrogen Sulphide H2S 0.000 0.000 0.000 0.000 0.000
Carbon Dioxide CO2 96.616 97.962 98.316 98.640 98.622
Nitrogen N2 0.084 0.050 0.045 0.032 0.048
Methane C1 2.820 1.667 1.218 0.987 0.940
Ethane C2 0.000 0.000 0.000 0.000 0.000
Propane C3 0.008 0.006 0.007 0.000 0.000
i-Butane iC4 0.010 0.007 0.004 0.003 0.003
n-Butane nC4 0.023 0.009 0.010 0.007 0.008
i-Pentane iC5 0.049 0.036 0.026 0.021 0.022
n-Pentane iC5 0.044 0.033 0.024 0.019 0.020
Hexanes C6 0.103 0.083 0.076 0.063 0.070
Heptanes Plus C7+ 0.243 0.147 0.275 0.228 0.267
Total 100.000 100.000 100.001 100.000 100.000
Density, at Pressure (g/cc) 0.2167 0.4250 0.5349 0.6158 0.6861
Molecular Weight 43.44 43.68 43.89 43.91 43.96






Table 4.31: Compositional analysis of the equilibrated liquid phase at constant gas/oil 
volume ratio of 0.850 mole fraction of CO2 and 0.150 mole fraction of recombined 
reservoir fluid (Rv=0.850/0.150=2.333) at 238°F 
Gas VolumeFraction 0.850
Liquid Volume Fraction 0.150
1250 2000 3000 4000 5000 6000
Recombined
Reservoir Fluid*
Hydrogen Sulphide H2S 0.000 0.000 0.000 0.000 0.000 0.000
Carbon Dioxide CO2 0.063 51.063 65.903 69.532 73.337 76.195
Nitrogen N2 0.005 0.009 0.019 0.017 0.009 0.024
Methane C1 24.216 1.126 0.870 0.739 0.734 0.819
Ethane C2 0.011 0.007 0.003 0.006 0.006 0.005
Propane C3 0.021 0.007 0.006 0.004 0.001 0.000
i-Butane iC4 0.068 0.017 0.009 0.005 0.004 0.004
n-Butane nC4 0.190 0.046 0.024 0.017 0.014 0.013
i-Pentane iC5 0.638 0.173 0.114 0.057 0.042 0.036
n-Pentane iC5 0.597 0.175 0.119 0.058 0.041 0.035
Hexanes C6 2.353 0.821 0.375 0.262 0.159 0.132
Heptanes Plus C7+ 71.838 46.556 32.558 29.303 25.653 22.737
Total 100.000 100.000 100.000 100.000 100.000 100.000
Density, at Pressure (g/cc) 0.7403 0.7760 0.7922 0.8104 0.8280 0.8583
Molecular Weight (Recombined Oil) 165.7 134.3 116.1 116.1 115.8 115.5
Molecular Weight C7+ (Recombined Oil) 220.7 237.6 265.6 290.1 324.4 359.2
Flash GOR, SCF/STB 0 526 859 917 987 1045





The effect of constant gas/oil volume ratio Rv=5.667 in the feed mixture on the first-
contact and equilibrium miscibility for the CO2-recombined reservoir fluid system was 
investigated at different pressures at 238°F using the pendant drop technique and these 
results are also presented in Table 4.29. The compositional analysis of the equilibrated 
gas and liquid phases at 238°F for the constant gas/oil volume ratio Rv=5.667 are 
summarized in the Tables 4.30 and 4.31 respectively. The detailed measured 
compositional analysis of the equilibrated gas phase and equilibrated liquid phase at the 
constant gas/oil volume Rv=5.667 are given in Appendices D1 to D5. 
Another set of gas-oil IFT experiments were performed with the constant gas-oil 
volume ratio of 0.450 volume fraction of CO2 and 0.550 volume fraction of recombined 
reservoir oil in the feed mixture (Rv=0.450/0.550=0.818) using the capillary rise 
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technique. The measured densities of the equilibrated gas and liquid phases and 
equilibrium interfacial tension values at Rv=0.450/0.550=0.818 are summarized in Table 
4.32. 
Table 4.32: Summary of the equilibrated fluid densities and gas-oil IFT measured at 
constant gas/oil volume ratio of 0.450 volume fraction of CO2 and 0.550 volume fraction 
of recombined reservoir fluid (Rv=0.450/0.550=0.818) at 238°F 
Gas Volume Fraction 0.450
Liquid Volume Fraction 0.550
Pressure Density Diff. Capillary
Oil Gas ∆ρ Height Capillary Rise Pendant Drop
(psig) (g/cc) (g/cc) (cm) (dyne/cm) (dyne/cm) Gas Oil
2000 0.7645 0.2125 0.5520 0.175 2.37 * 0.519 0.481
3000 0.7728 0.3471 0.4256 0.114 1.19 * 0.640 0.360
4000 0.7664 0.4932 0.2732 0.066 0.44 * 0.696 0.304
5000 0.7856 0.6160 0.1696 0.033 0.14 * 0.724 0.276
6000 0.7971 0.7183 0.0788 0.010 0.02 * 0.740 0.260
* Equilibrium IFT could not be calculated from the drop shapes due to significant amounts of reservoir oil in the optical cell
Equilibrium IFTEquilibrated Phase Densities Corresponding
Mole Fraction 
 
Table 4.33: Compositional analysis of the equilibrated gas phase at constant gas/oil 
volume ratio of 0.450 mole fraction of CO2 and 0.550 mole fraction of recombined 
reservoir fluid (Rv=0.450/0.550=00.818) at 238°F 
Gas Volume Fraction 0.450
Liquid Volume Fraction 0.550
2000 3000 4000 5000 6000
Hydrogen Sulphide H2S 0.000 0.000 0.000 0.000 0.000
Carbon Dioxide CO2 86.674 90.070 92.446 95.010 88.638
Nitrogen N2 0.107 0.099 0.048 0.050 0.041
Methane C1 12.476 8.882 6.669 4.419 4.709
Ethane C2 0.000 0.000 0.000 0.000 0.001
Propane C3 0.008 0.006 0.008 0.003 0.005
i-Butane iC4 0.017 0.015 0.016 0.008 0.011
n-Butane nC4 0.041 0.038 0.037 0.022 0.030
i-Pentane iC5 0.084 0.086 0.077 0.050 0.083
n-Pentane iC5 0.071 0.075 0.069 0.044 0.073
Hexanes C6 0.164 0.198 0.175 0.117 0.275
Heptanes Plus C7+ 0.358 0.531 0.455 0.277 6.134
Total 100.000 100.000 100.000 100.000 100.000
Density, at Pressure (g/cc) 0.2125 0.3471 0.4932 0.6160 0.7183
Molecular Weight 40.85 41.99 42.55 43.02 51.92






Table 4.34: Compositional analysis of the equilibrated liquid phase at constant gas/oil 
volume ratio of 0.450 mole fraction of CO2 and 0.550 mole fraction of recombined 
reservoir fluid (Rv=0.450/0.550=0.818) at 238°F 
Gas Volume Fraction 0.450
Liquid Volume Fraction 0.550
1250 2000 3000 4000 5000 6000
Recombined
Reservoir Fluid*
Hydrogen Sulphide H2S 0.000 0.000 0.000 0.000 0.000 0.000
Carbon Dioxide CO2 0.063 47.194 60.436 67.281 72.017 78.022
Nitrogen N2 0.005 0.021 0.035 0.024 0.029 0.018
Methane C1 24.216 4.333 4.047 4.122 4.170 3.289
Ethane C2 0.011 0.007 0.005 0.004 0.007 0.003
Propane C3 0.021 0.008 0.007 0.006 0.007 0.005
i-Butane iC4 0.068 0.030 0.023 0.023 0.020 0.015
n-Butane nC4 0.190 0.092 0.065 0.056 0.054 0.039
i-Pentane iC5 0.638 0.299 0.194 0.171 0.155 0.117
n-Pentane iC5 0.597 0.289 0.181 0.159 0.145 0.109
Hexanes C6 2.353 1.235 0.707 0.616 0.554 0.418
Heptanes Plus C7+ 71.838 46.492 34.300 27.538 22.842 17.965
Total 100.000 100.000 100.000 100.000 100.000 100.000
Density, at Pressure (g/cc) 0.7403 0.7645 0.7728 0.7664 0.7856 0.7971
Molecular Weight (Recombined Oil) 165.7 126.8 107.7 95.4 88.3 80.2
Molecular Weight C7+ (Recombined Oil) 220.7 223.2 231.9 233.6 241.3 249.3
Flash GOR, SCF/STB 0 556 911 1248 1553 2037





The compositional analysis of the equilibrated gas and liquid phases at 238°F for the 
constant gas/oil volume ratio Rv=0.818 are summarized in the Tables 4.33 and 4.34 
respectively. The detailed measured compositions of the equilibrated gas phase and 
equilibrated liquid phase at the constant gas/oil volume ratio Rv=0.818 are given in the 
Appendices E1 to E5. 
4.3.2.1 Effect of Constant Gas/Oil Volume Ratio on Fluid Phase Compositions, 
Densities and Molecular Weights 
 
The following observations are made on the effects of the two selected constant 
gas-oil volume ratios on the compositions, densities and molecular weights of the 
equilibrated gas and liquid phases from Figures 4.22, 4.23, 4.24, 4.25, 4.26, 4.27, 4.28 





























Constant Gas/Oil Volume Ratio (Rv=0.850/0.150=5.667)
Constant Gas/Oil Volume Ratio (Rv=0.450/0.550=0.818)
 
Figure 4.22: The dependence of gas/oil molar ratio on pressure at constant gas/oil 
volume ratios 
1. Figure 4.22 shows the plot of gas/oil molar ratio versus pressure for the two 
selected constant gas-oil molar ratios. It can be seen from Figure 2.22 that the 
gas/oil molar ratio increases rapidly with pressure at the constant gas/oil volume 
ratio Rv=5.667 and is an indication of approximately constant low amounts of 
reservoir oil in the feed mixture with increasing pressures. However it remains 
approximately constant for the constant gas/oil volume ratio Rv=0.818 in the feed 
mixtures used in conducting the gas-oil IFT experiments at various pressures 
indicating approximately constant amounts of gas and constant amounts of oil in 
the feed mixture. 
2. Figure 4.23 is a plot of densities of equilibrated fluid phases versus pressure for 
the two selected constant gas/oil volume ratios. As can be seen from Figure 4.23 
the equilibrated gas phase density increases rapidly with pressure and the 
equilibrated liquid phase density changes slightly with pressure. The decrease in 
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the difference in the densities between the equilibrated gas and liquid phase with 
increase in pressure provides evidence of CO2 gas approaching the miscibility 






















Gas Phase (Rv=0.850/0.150=5.667) Liquid Phase (Rv=0..850/0.150=5.667)
Gas Phase (Rv=0.450/0.550=0.818) Liquid Phase (Rv=0.450/0.550=0.818)
 
Figure 4.23: The effect of equilibrated gas and liquid phase densities at constant initial 
gas/oil volume ratio at 238°F 
3. Figure 4.24 is a plot of CO2 mole% in the equilibrated fluid phases versus 
pressure for the two selected constant gas/oil volume ratios. It can be seen from 
Figure 4.24 that CO2 in the equilibrated gas phase for the constant gas/oil volume 
ratio of Rv=5.667 was approximately 98 mole% at the various experimental 
pressures at 238°F. It was also observed that the densities of pure CO2 (Table 
4.22) are approximately similar to the measured densities of the equilibrated gas 
phase shown in Table 4.29. This observation confirms that the gas phase contains 
predominantly CO2 and there has been very little extraction of light components 
























Gas Phase (Rv=0.850/0.150=5.667) Liquid Phase (Rv=0.850/0.150=5.667)
Gas Phase (Rv=0.450/0.550=0.818) Liquid Phase (Rv=0.450/0.550=0.818)
Original Reservoir Fluid
 
Figure 4.24: CO2 content in the equilibrated gas and liquid phases at 238°F 
4. Figure 4.24 also shows that the CO2 in the equilibrated gas phase for the constant 
gas/oil volume ratio of Rv=0.818 increases with pressure until 5000 psig and then 
decreases slightly at 6000 psig. This was attributed to the presence of about 6 
mole% of C7+ in the gas phase at 6000 psig. It was also observed while 
performing flash separation on the equilibrated gas phase at 6000 psig at the 
constant gas/oil volume ratio of Rv=0.818 (as per the procedure described in 
Chapter 3, Section 3.7), there was light brown condensate condensing into the 
separator. This is due to the gas being rich in C7+ components which have resulted 
in liquids dropping out of gas phase. 
5. Figure 4.25 is plot of C7+ mole% in the equilibrated fluid phases versus pressure 
for the two selected constant gas/oil volume ratios. Figure 4.26 is a plot of flash 






















Gas Phase (Rv=0.850/0.150=5.667) Liquid Phase (Rv=0.850/0.150=5.667)
Gas Phase (Rv=0.450/0.550=0.818) Liquid Phase (Rv=0.450/0.550=0.818)
Original Reservoir Fluid
 























Liquid Phase (Rv=0.810/0.150=5.667) Liquid Phase (Rv=0.450/0.550=0.818)
Original Reservoir Fluid
 
Figure 4.26: Effect of CO2 dissolution in the liquid phase on GOR at 238°F 
Figure 4.24 indicated that the concentration of CO2 dissolving in the liquid phase 
increases appreciably with increase in pressure until 4000 psig and then increases 
slowly up to 6000 psig. Due to these phenomena the amount of C7+ mole% in the 
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liquid phase has decreased with increasing pressures (Figure 4.25). This indicates 
that the recombined reservoir fluid was fully saturated with CO2 and that 
miscibility between CO2 and recombined reservoir fluid was approached. 
Increasing gas-oil ratios with increasing pressures obtained by performing a flash 
separation analysis on the equilibrated liquid phases (procedure described in 
Chapter3, Section 3.7) at each pressure as shown in Figure 4.26, was also an 





























Gas Phase (Rv=0.850/0.150=5.667) Liquid Phase (Rv=0.850/0.150=5.667)
Gas Phase (Rv=0.450/0.550=0.818) Liquid Phase (Rv=0.450/0.550=0.818)
Original Reservoir Fluid
 
Figure 4.27: Equilibrated gas and liquid phase molecular weights as a function of 
pressure at constant initial gas/oil volume ratio at 238°F 
6. Figure 4.27 is plot of molecular weights of the equilibrated fluid phases versus 
pressure for the two selected constant gas/oil volume ratios The molecular 
weights for the equilibrated gas phase increases slightly with increase in pressure 
and molecular weights for the equilibrated liquid phase decreases rapidly until 
3000 psig and then remains approximately constant up to 6000 psig for the 
constant gas/oil volume ratio Rv=5.667 as shown in Figure 4.27. Due to this, the 
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difference in molecular weights for the constant gas/oil volume ratio Rv=5.667 
between the equilibrated fluid phases decreases very slowly with increase in 
pressure. This could be due to the less interaction of CO2 with liquid phase, due to 
the less amount of reservoir fluid available in the feed mixture at the high gas/oil 
volume ratio Rv=5.667. 
7. Figure 4.27 also shows that at the constant gas/oil volume ratio Rv=0.818, the 
molecular weights of the equilibrated gas phase is almost constant until 5000 psig 
and then shows a slight increase at 6000 psig. At 6000 psig the gas phase is rich in 
C7+ components since it is able to extract these components from the liquid phase, 
due to more reservoir fluid being available in the feed mixture. Due to these 
phenomena the difference in molecular weights of the equilibrated fluid phase is 
gradually decreasing with increase in pressure. The molecular weights at 6000 
psig for the equilibrated gas and liquid phase at the constant gas/oil volume ratio 
Rv=0.818 approach each other and is an indication that the compositions of the 
fluid-fluid phases will eventually become similar when miscible condition 
between CO2 and the reservoir fluid is approached. 
8. Figure 4.28 is a plot of C1 content in the equilibrated fluid phases versus pressure 
for the two constant gas/oil volume ratios. A very small amount of C1 component 
has been extracted by CO2 from the liquid phase into the gas phase as shown in 
Figure 4.28, and the amount of extraction decreases very slowly with increase in 
pressure for the constant gas/oil volume ratio Rv=5.667. But a large amount of C1 
component is extracted by CO2 from the liquid phase at the constant gas/oil 
volume ratio Rv=0.818 and the extent of extraction decreases with increase in 
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pressure. This is due to the less amount of reservoir oil present in the feed mixture 
(less C1 available in the feed mixture for extraction) for the constant gas/oil 
volume ratio of Rv 5.667 and more amounts of reservoir oil present in the feed 
mixture (more C1 available in the feed mixture for extraction) for the constant 


















Gas Phase (Rv=0.850/0.150=5.667) Liquid Phase (Rv=0.850/0.150=5.667)
Gas Phase (Rv=0.450/0.550=0.818) Liquid Phase (Rv=0.450/0.550=0.818)
Original Reservoir Fluid
 
Figure 4.28: C1 content in the equilibrated gas and liquid phases at 238°F 
9. There appears to be less interaction of the CO2 with the liquid phase as can be 
seen from the compositional analysis data shown in Figures 4.24, 4.25 and 4.28 
and hence there is less transfer of components from the liquid phase into the gas 
phase. It also appears that the amounts of extraction of components by CO2 from 
the liquid phase are dependant on the volume of reservoir fluid available in the 
feed mixture. The compositional analysis results of the liquid phase at each 
pressure also indicate that CO2 was continuously dissolving in the liquid phase 
with increase in pressure. This is due to the absence of C2-C5 components in the 
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depleted reservoir fluid, leading to less extraction of hydrocarbon components 
from the liquid phase into the gas phase. All these observations indicate that a 
condensing gas drive mechanism was responsible for developing miscibility in 
this CO2-reservoir oil system. 
4.3.2.2 Effect of Gas/Oil Volume Ratios on Interfacial Tension 
Pressure (psig) = 2000 
Gas/Oil IFT (dyne/cm) = 7.30
Pressure (psig) = 2000
Gas/Oil IFT (dyne/cm) = 6.85
Pressur  (psig) = 3000 
Gas/Oil IFT (dyne/cm) = 4.21
Pressure (psig) = 3000
Gas/Oil IFT (dyne/cm) = 3.75
Gas/Oil IFT (dyne/cm) = 0.75
Pressure (psig) = 4000 Pressure (psig) = 4000 Pressure (psig) = 5000 Pressure (psig) = 5000
Equilibrium IFT First-Contact IFT Equilibrium IFT
First-Contact IFT Equilibrium IFT First-Contact IFT Equilibrium IFT
Gas/Oil IFT (dyne/cm) = 2.15 Gas/Oil IFT (dyne/cm) = 1.44 Gas/Oil IFT (dyne/cm) = 1.00
First-Contact IFT  
Pressure (psig) = 6000
Gas/Oil IFT (dyne/cm) = *
 
*Note: The DSA program was not able to calculate the IFT because of the irregular shapes of the drops  
Figure 4.29: FCM and equilibrium gas/oil IFT using the pendant drop shape images at 
constant initial gas/oil volume ratio at 238°F (Rv=0.850/0.107=5.667) 
Figure 4.29 shows the drop shape images captured by the digital video camera for 
the first-contact miscibility and equilibrium IFT performed at the constant gas/oil ratio of 
Rv=5.667. The first-contact process corresponds to the IFT of the first drop of fresh 
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reservoir fluid when it first meets CO2 gas without any liquid at the bottom of the optical 
cell i.e. the CO2 gas has not been exposed to the crude oil. The equilibrium IFT 
corresponds to the drops of reservoir fluid with the CO2 gas that attained complete mass 
transfer equilibrium by placing certain amount of reservoir oil at the bottom of the optical 
cell. Hence these equilibrium measurements represent the thermodynamic condition at 
which the fluid phases are in equilibrated and stabilized state. 
Pressure (psig) = 2000 
Height (cm) = 0.480
Pressure (psig) = 5000
Height (cm) = 0.125
Pressure (psig) = 3000
Height (cm) = 0.375
Pressure (psig) = 6000
Height (cm) = -
Pressure (psig) = 4000
Height (cm) = 0.195
Gas/Oil IFT (dyne/cm) = -Gas/Oil IFT (dyne/cm) = 1.32Gas/Oil IFT (dyne/cm) = 1.65Gas/Oil IFT (dyne/cm) = 6.58 Gas/Oil IFT (dyne/cm) = 3.37  
Figure 4.30: Gas/Oil IFT using the capillary rise technique at constant initial gas/oil 
volume ratio at 238°F (Rv=0.850/0.107=5.667) 
Figures 4.30 and 4.31 show the capillary height images captured using the digital video 
camera for the constant gas/oil volume ratio corresponding to Rv=5.667 and Rv=0.818, 
respectively. 
Gas/Oil IFT (dyne/cm) = 0.02Gas/Oil IFT (dyne/cm) = 2.37 Gas/Oil IFT (dyne/cm) = 1.19 Gas/Oil IFT (dyne/cm) = 0.44 Gas/Oil IFT (dyne/cm) = 0.14
Pressure (psig) = 6000
Height (cm) = 0.010
Pressure (psig) = 4000
Height (cm0 = 0.066
Pressure (psig) = 2000 
Height (cm) = 0.175
Pressure (psig) = 5000
Height (cm) = 0.033
Pressure (psig) = 3000
Height (cm) = 0.114
 
Figure 4.31: Gas/Oil IFT using the capillary rise technique at constant initial gas/oil 
volume ratio at 238°F (Rv=0.450/0.550=0.818) 
The IFT data measurements using pendant drop and capillary rise techniques are 
for the two gas/oil volume ratios are summarized in Tables 4.29 and 4.32 respectively. 
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The following observations can be inferred from the first-contact and equilibrium 
gas/oil IFT measurements for two selected the constant gas/oil volume ratios Rv=5.667 
and Rv=0.818, respectively. 
1. The drop shape images shown in Figure 4.29 indicate that the IFT values 
calculated using the drop shape analysis software (DSA) is high for the first-
contact miscibility when compared to the equilibrium IFT values. These high 
first-contact IFT values clearly describe a situation where the fresh reservoir fluid 
contacts CO2 and hence no mass transfer and interaction of the CO2 with the 
reservoir fluid has occurred. The low equilibrium IFT values calculated from the 
drop shape images using the DSA program very much resemble multiple-contact 
miscibility where a complete counter directional mass transfer of components 
between the CO2 and reservoir fluid takes place and hence the two fluid phases 
are in complete equilibrium. 
There is a small difference observed between the equilibrium IFT values of 
the pendant drop and capillary rise techniques at the constant gas/oil volume ratio 
Rv=5.667 as shown in Figures 4.29 and 4.30 respectively (Table 4.29). This can 
be attributed to the less contact time between the fluid phases (6 hours) for the 
pendant drop technique as compared to the high stabilization time of 24 hours for 
the capillary rise technique at the constant gas/oil volume ratio Rv=5.667. 
2. Figure 4.32 shows the plot of IFT measurements against the reciprocal pressure 
using a hyperbolic function. This plot indicates that a good linear fit exists for 
first-contact and equilibrium experimental IFT data using the pendant drop and 
capillary rise method at the constant gas/oil volume ratio Rv=5.667 with a 
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coefficient of determination (R
2
) values of 0.9953, 0.9919 and 0.9927 
respectively. These linear regression equations when extrapolated to zero 
interfacial tension provide a minimum miscibility pressure value for the first-
contact and equilibrium conditions to be 6845 psig and 6103 psig, respectively, 
based on pendant drop technique and a minimum miscibility pressure of 6142 
psig for the equilibrium IFT data obtained using the capillary rise technique at the 
constant gas/oil volume ratio Rv=5.667. 







































First-Contact IFT (Pendant Drop)
Equilibrium IFT (Pendant Drop)
Equilibrium IFT (Capillary Height)
Gas-Oil Volume Ratio (Rv=0.850/0.150=5.667)
First-Contact MMP = 20960/3.0621 = 6845 psig
Equilibrium MMP = 20468/3.0354 = 6103 psig
Equilibrium MMP = 19133/3.115 = 6142 psig
 
Figure 4.32: First-contact and equilibrium MMP using VIT technique at the constant 
gas/oil volume ratio Rv=5.667 at 238°F 
The extrapolated linear regression equations to zero interfacial tension 
indicate the condition where the interface between the fluid-fluid phases vanishes 
and as a result the entire fluid-fluid system becomes a single phase fluid. As 
expected the MMP for the first-contact was higher than that of equilibrium MMP, 
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since no mass transfer and interaction of components between CO2 and the 
reservoir fluid had occurred during the first-contact due to the fresh reservoir fluid 
contacting the CO2 for the first time. While the low MMP for the equilibrium IFT 
is a stabilized state of fluid-fluid phases due to the complete counter directional 
mass transfer of hydrocarbon between the fluid-fluid phases. 



































Gas-Oil Volume Ratio (Rv=0.850/0.150=5.667) Gas-Oil Volume Ratio (Rv=0.450/0.550=0.818)
Equilibrium MMP = 19133/3.115 = 6142 psig
Equilibrium MMP = 6715.2/1.089 = 6166 psig
 
Figure 4.33: Effect of initial gas/oil volume ratio on gas-oil IFT and equilibrium MMP 
using VIT at 238°F 
3. Figure 4.33 shows that IFT data for the two constant gas/oil volume ratios of 
Rv=5.667 and Rv=0.818 when plotted against reciprocal pressure using the 
hyperbolic function converge to similar end point on zero IFT axis. The linear 
curve fit gives an equilibrium MMP of 6142 psig for the constant gas-oil volume 
ratio of Rv=5.667 at zero interfacial tension with a coefficient of determination 
(R
2
) of 0.9927and an equilibrium MMP of 6166 psig for the constant gas-oil 
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volume ratio Rv=0.818 at zero interfacial tension with a coefficient of 
determination (R
2
) of 0.9876. The equilibrium IFT measurements at the widely 
different two gas/oil volume ratios clearly indicate that although the initial 
mixture composition of the phases affects the gas/oil IFT yielding different 
relationships for its dependence on pressure, they all converge at same end point 
of zero interfacial tension yielding an almost identical miscibility pressure. 
4.3.3 Compositional Effects on IFT at Varying Gas/Oil Ratios (Molar and 
Volumetric) in the Feed Mixture 
Since gas-oil IFT is dependant on gas/oil ratio, it may appear that the minimum 
miscibility pressure, determined from VIT technique, may also depend on gas/oil ratio. 
However, Figures 4.21 and 4.33 indicated that although IFT varies with gas-oil ratio and 
pressure at constant reservoir temperature for this type of CO2-reservoir fluid system, all 
of them would eventually converge to similar miscibility pressures at zero interfacial 
tension. 
Table 4.35: Summary of MMP data at varying gas/oil ratios  
Equilibrium
MMP (psig)
1 Gas/Oil Molar Ratio (Rm=8.346) 6180
2 Gas/Oil Molar Ratio (Rm=2.333) 6216
3 Gas/Oil Volume Ratio (Rv=5.667) 6142








% Variation in Gas/Oil Molar Ratio




Table 4.35 shows the MMP data obtained from performing the gas/oil IFT 
measurements using the VIT technique at the varying gas/oil molar ratios (72%) and the 
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varying gas/oil volume ratios (86%). Table 4.35 indicated that a 4-fold increase in gas/oil 
molar ratio and a 7-fold increase in gas/oil volume ratio resulted in a standard deviation 
of only 0.31% and maximum deviation of only 1.20% in equilibrium MMP. These results 
clearly indicate that the compositional paths followed by the fluids to attain mass transfer 
equilibrium do not affect MMP derived from IFT measurements. This experimental study 
has also demonstrated that the VIT technique for miscibility determination is independent 
of the compositional path followed by gas and oil in their approach to equilibrium. 
The VIT technique involved contacting of fresh reservoir oil with already pre-
equilibrated CO2 gas by placing a small amount of oil at the bottom of the optical cell. 
This simulates a dynamic (multiple-contact) displacement process occurring in the 
reservoir where the injected gas interacts with reservoir oil as it moves ahead in the 
reservoir and gradually becomes altered in composition due to mass transfer between 
fluid phases so as to become miscible with the original oil. The definition of multiple-
contact is an approximation which serves well to explain the “continuous interaction” that 
actually occurs in the reservoir (or in the slim-tube) by means of several discrete steps or 
contacts (Ayirala and Rao, 2006). It is an approximation because infinite number of such 
contacts between phases will be required in order to truly approach the result of their 
continuous interaction. 
Since the IFT measurements were made using the pendant drop and capillary rise 
technique after complete equilibrium and stabilization of the mass transfer between the 
fluid phases, it was concluded that the terms “Equilibrium IFT” and Equilibrium 
Miscibility” are appropriate to use for this type of an experimental study. Equilibrium 
IFT typically simulates a real reservoir where the injected CO2 gas interacts continuously 
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with crude oil as it flows to the producing well. This continuous interaction enables 
counter-directional mass transfer (vaporizing and condensing) between the fluid phases 























CONCLUSIONS AND RECOMMENDATIONS 
5.1 Summary of Findings and Conclusions 
A new experimental procedure was adapted for measuring the gas-oil IFT at 
varying pressures at reservoir temperature using gas/oil ratios (molar and volumetric) as 
feed mixture wherein the optical cell was loaded with fresh recombined reservoir fluid 
and CO2 at the start of each pressure. This was to study the effects of compositions on 
gas-oil IFT and miscibility between fluid phases at each test pressure and avoid 
compositional interference from the previous experiment. In this research project, the 
effect of gas-oil ratio and mass transfer on various physico-chemical properties such as 
fluid phase compositions, molecular weights, densities, and interfacial tensions were 
studied. The measured gas-oil interfacial tensions at different gas-oil ratios were also 
utilized to determine minimum miscibility pressure using the vanishing interfacial 
technique (VIT) and to investigate compositional dependence of VIT technique due to 
varying gas-oil ratios. A series of experiments using CO2 gas and a live reservoir fluid 
system at reservoir conditions were carried out, using a unique experimental system that 
consisted of a high-pressure high-temperature optical cell. The gas-oil interfacial tensions 
were measured at various pressures from 1500 psig to 6000 psig at 238°F. The 
experimental apparatus also included a flash separation unit, gas chromatography, 
pressure densitometer, and molecular weight apparatus to facilitate the measurements of 
fluid phase compositions, densities, and molecular weights. The minimum miscibility 
pressure at reservoir conditions, an important optimization parameter for CO2 gas 
injection enhanced oil recovery processes, was successfully determined by measuring the 
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gas-oil interfacial tension in the CO2-depleted live reservoir fluid system using the 
pendant drop and capillary rise techniques. For the first time the effect of gas-oil molar 
ratios and gas-oil volume ratios in the feed mixture on the compositional behavior and 
gas-oil interfacial tension of the fluid phases as a function of pressure at 238°F was 
studied. The governing mass transfer mechanism for miscibility development in the CO2-
depleted reservoir fluid system was identified to be condensing gas drive, which involves 
the dissolution of CO2 gas in the crude oil to attain dynamic miscibility. The vanishing 
interfacial tension technique has been further validated to determine miscibility from gas-
oil interfacial tension measurements. The differences between first-contact and 
equilibrium miscibility in terms of gas-oil interfacial tension in the CO2- depleted live 
reservoir fluid system, as reported by Rao (1997), were successfully demonstrated using 
the pendant drop technique, even in this “condensing” type fluids system. 
The following important conclusions were drawn from the results of various 
experiments conducted in this study at reservoir conditions. 
1. The experimental procedure used in this study of IFT measurements closely 
resembles the continuous interaction between the injected gas and the crude oil 
occurring in the reservoir. At the leading edge of the CO2 slug, the gas which has 
attained compositional equilibrium with live reservoir oil through its continuous 
interaction as it flows through the reservoir, contacts fresh live reservoir oil ahead 
of the gas slug. This is exactly what is simulated in the VIT technique by allowing 
the gas and live reservoir oil to continuously interact and attain equilibrium before 
exposing the gas phase to fresh oil drops that are injected into the higher pressure 
optical cell for measuring the IFT through the pendant drop technique. Additional 
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care was taken to restart each experiment at each new pressure to avoid 
compositional interference from the previous experiment. 
2. The validation of the vanishing interfacial tension technique to determine the 
fluid-fluid miscibility in a real CO2-live reservoir fluid system using the pendant 
drop and capillary rise techniques once again proved that VIT is a fast and cost 
effective method, requiring small amounts of fluid samples. 
3. For the first time an in-depth insight into the phase behavior interactions between 
the fluid-fluid phases was gained from the compositional analysis of the fluid 
phases at two different gas/molar ratios and at two different gas/oil volume ratios 
in the feed mixture and at actual reservoir temperature. 
4. The compositional analysis data of the equilibrated fluid phases at constant gas/oil 
molar ratios and constant gas/oil volume ratios indicated that the gas phase 
contained predominantly CO2 and the CO2 continuously dissolved into the liquid 
phase with increase in pressure. The CO2 content in the liquid phase rapidly 
increased up to a certain pressure and then slowed down, until the liquid phase 
becomes fully saturated with CO2 near miscibility conditions. This type of 
behavior of CO2 gas observed with the depleted reservoir fluid clearly indicated 
that condensing gas drive mechanism was the dominant mass transfer mechanism 
for miscibility development. 
5. The dominance of condensing gas drive mechanism for obtaining the miscibility 
with the depleted reservoir crude oil can be attributed to the least interaction of 
CO2 with the reservoir fluid to extract C2-C5 components from the reservoir fluid. 
This was confirmed by the compositions of the original reservoir fluid which 
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showed negligible amounts of C2-C5 (about 2.528 mole%) components. This 
reservoir oil was depleted starting from an initial reservoir pressure of 4050 psi to 
the current reservoir pressure of 1100 psi at 238°F. Hence most of the lighter 
components of C2-C5 present in the original live oil were produced since the 
reservoir pressure was well below the bubble point pressure. This type of gas-oil 
interfacial tension measurements and their direct dependence on hydrocarbon 
fluid phase compositions at constant initial gas/oil (molar and volumetric) ratios 
provided an effective means to determine the mass transfer drive mechanisms 
responsible for miscibility development. 
6. An interesting finding of using the constant gas-oil ratio in the feed mixture for 
this type of a condensing mode gas-oil fluid system was that the amount of 
hydrocarbon components extracted by the CO2 gas from the reservoir fluid was 
dependent on the volume of oil present in the feed. More amount of reservoir 
fluid in the feed mixture had resulted in more extraction of n-C1 by CO2 from the 
liquid phase. Similarly less amount of reservoir fluid in the feed mixture had 
resulted in less extraction of n-C1 by CO2 from the liquid phase. Therefore, it can 
be concluded that the amount of extraction of hydrocarbon components from the 
reservoir fluid by CO2 is dependent on the gas-oil ratio in the depleted reservoir 
fluid-CO2 system. 
7. Minimum miscibility pressures of 6180 psig and 6216 psig were obtained for the 
two constant gas/oil molar ratios of Rm=8.346 and Rm=2.333, respectively. 
Hence, it can be concluded that although the equilibrium gas-oil interfacial 
tensions for the two gas/oil ratios exhibit different dependences on pressure, they 
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converge to the same end point of zero interfacial tension with similar minimum 
miscibility pressures. 
8. The first-contact miscibility of 6845 psig obtained was distinctly higher than the 
equilibrium MMP of 6103 psig using the pendant drop technique at the constant 
gas-oil volume ratio Rv=5.667 at 238°F when the gas-oil interfacial tension 
values were extrapolated to zero interfacial tension. These observations were in 
good agreement with the published literature (Rao, 1997). During a first-contact 
miscible displacement process, CO2 gas becomes miscible with the reservoir fluid 
to form a single phase fluid on the first-contact itself. Hence no mass transfer of 
hydrocarbon components between the fluid phases will take place in a first-
contact miscible displacement process. The lower value of MMP for equilibrium 
miscibility compared to first-contact miscibility is due to the fact that in 
equilibrium miscibility the CO2 gas attains equilibrium with the reservoir fluid 
due to complete mass transfer of components during their continuous interaction, 
and hence a thermodynamic equilibrium state is reached between the injected gas 
and reservoir oil. The equilibrated minimum miscibility pressure at the constant 
gas/oil volume ratio Rv=5.667 at 238°F was 6142 psig using the capillary rise 
technique and this was in good agreement (within 0.64%) with the MMP value 
obtained from the equilibrium IFT values using the pendant drop technique at the 
same gas/oil volume ratio. 
9. The minimum miscibility pressure at the constant gas/oil volume ratio Rv=5.667 
was 6142 psig and at Rv=0.818 was 6166 psig using the capillary rise technique. 
These observations show that although the nature of dependence of equilibrium 
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interfacial tension on pressure varies with gas-oil ratio, but all of them would 
eventually converge at the same point of zero interfacial tension to yield similar 
miscibility pressures. This once again proves the compositional independence of 
minimum miscibility pressures determined using the VIT technique. 
10. The experimentally determined VIT miscibility value (from 6103 psig to 6215 
psig) at 238°F was in good agreement (within 7%) with the predicted MMP of 
6675 psi at 238°F calculated from modified Peng-Robinson (1987) equation of 
state model using the CMG-WinProp. The equation of state models for MMP 
calculations have been known to over predict the minimum miscibility pressure. 
Interestingly, the governing mass transfer mechanism of condensing drive 
mechanism inferred from the measured compositional data also agreed well with 
the predictions of PR-EOS calculations. 
11. The gas-oil interfacial tensions measured for the CO2-live reservoir fluid system 
using the capillary rise technique at reservoir conditions in this study proved that 
the capillary rise technique is accurate, and reliable, and can be successfully used 
to measure very low values of gas-oil interfacial tension for obtaining the 
minimum miscibility pressure through the VIT technique. 
5.2 Recommendations 
The important recommendations for future work are: 
• To extend the applicability of VIT technique to determine the bubble point and 
dew point pressures of reservoir fluids, 
• To adapt the use of capillary rise technique to determine very low interfacial 
tensions of gas condensate fluids, 
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• To investigate the effect of gas-oil ratio and mass transfer mechanism, especially 
in a vaporizing gas drive, on VIT miscibility in an original reservoir fluid-CO2 
system at reservoir conditions where the reservoir fluid has significant amounts of 
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APPENDIX A1: CHARGE GAS/OIL MOLAR RATIOS Rm=0.893/0.107=8.346 
USED IN THE GAS-OIL IFT MEASUREMENTS 
Fluids Mole Mass Volume Volume% Cell Volume Charge Volume Standard cc
Fraction at, 238°F at, 75°F
gms cc cc cc Scc
Injection Gas (CO2) 0.893 39.303 215.680 90.138 72.111 49.292 21226.706
Recombined Reservoir Fluid 0.107 17.509 23.597 9.862 7.889 7.261 7.086
Total 1.000 56.812 239.277 100.000 80.000 56.553 21233.792
GOR, SCF/STB 16820
Fluids Mole Mass Volume Volume% Cell Volume Charge Volume Standard cc
Fraction at, 238°F at, 75°F
gms cc cc cc Scc
Injection Gas (CO2) 0.893 39.303 148.820 86.370 69.096 45.937 21226.706
Recombined Reservoir Fluid 0.107 17.509 23.486 13.630 10.904 10.052 9.840
Total 1.000 56.812 172.306 100.000 80.000 55.989 21236.546
GOR, SCF/STB 12113
Fluids Mole Mass Volume Volume% Cell Volume Charge Volume Standard cc
Fraction at, 238°F at, 75°F
gms cc cc cc Scc
Injection Gas (CO2) 0.893 39.303 111.303 82.643 66.114 43.800 21226.706
Recombined Reservoir Fluid 0.107 17.509 23.376 17.357 13.886 12.821 12.590
Total 1.000 56.812 134.679 100.000 80.000 56.621 21239.296
GOR, SCF/STB 9467
Fluids Mole Mass Volume Volume% Cell Volume Charge Volume Standard cc
Fraction at, 238°F at, 75°F
gms cc cc cc Scc
Injection Gas (CO2) 0.893 39.303 89.570 79.379 63.504 42.234 21226.706
Recombined Reservoir Fluid 0.107 17.509 23.268 20.621 16.496 15.256 15.027
Total 1.000 56.812 112.838 100.000 80.000 57.490 21241.733
GOR, SCF/STB 7932
Fluids Mole Mass Volume Volume% Cell Volume Charge Volume Standard cc
Fraction at, 238°F at, 75°F
gms cc cc cc Scc
Injection Gas (CO2) 0.893 39.303 76.718 76.812 61.449 41.013 21226.706
Recombined Reservoir Fluid 0.107 17.509 23.160 23.188 18.551 17.182 16.977
Total 1.000 56.812 99.878 100.000 80.000 58.195 21243.683
GOR, SCF/STB 7021
Experimental Pressure = 1500 psig
Experimental Pressure = 2000 psig
Experimental Pressure = 2500 psig
Experimental Pressure = 3000 psig






Fluids Mole Mass Volume Volume% Cell Volume Charge Volume Standard cc
Fraction at, 238°F at, 75°F
gms cc cc cc Scc
Injection Gas (CO2) 0.893 39.303 68.715 74.879 59.903 40.015 21226.706
Recombined Reservoir Fluid 0.107 17.509 23.053 25.121 20.097 18.644 18.477
Total 1.000 56.812 91.768 100.000 80.000 58.659 21245.183
GOR, SCF/STB 6451
Fluids Mole Mass Volume Volume% Cell Volume Charge Volume Standard cc
Fraction at, 238°F at, 75°F
gms cc cc cc Scc
Injection Gas (CO2) 0.893 39.303 59.561 72.279 57.824 38.464 21226.706
Recombined Reservoir Fluid 0.107 17.509 22.843 27.721 22.176 20.636 20.576
Total 1.000 56.812 82.404 100.000 80.000 59.100 21247.282
GOR, SCF/STB 5793
Fluids Mole Mass Volume Volume% Cell Volume Charge Volume Standard cc
Fraction at, 238°F at, 75°F
gms cc cc cc Scc
Injection Gas (CO2) 0.893 39.303 56.693 71.373 57.098 37.835 21226.706
Recombined Reservoir Fluid 0.107 17.509 22.739 28.627 22.902 21.344 21.346
Total 1.000 56.812 79.432 100.000 80.000 59.179 21248.052
GOR, SCF/STB 5584
Fluids Mole Mass Volume Volume% Cell Volume Charge Volume Standard cc
Fraction at, 238°F at, 75°F
gms cc cc cc Scc
Injection Gas (CO2) 0.893 39.303 54.444 70.633 56.506 37.289 21226.706
Recombined Reservoir Fluid 0.107 17.509 22.636 29.367 23.494 21.929 21.998
Total 1.000 56.812 77.080 100.000 80.000 59.218 21248.704
GOR, SCF/STB 5418
Experimental Pressure = 6000 psig
Experimental Pressure = 4000 psig
Experimental Pressure = 5000 psig










APPENDIX A2: CHARGE GAS/OIL MOLAR RATIOS Rm=0.700/0.300=2.333 
USED IN THE GAS-OIL IFT MEASUREMENTS 
Fluids Mole Mass Volume Volume% Cell Volume Charge Volume Standard cc
Fraction at, 238°F at, 75°F
gms cc cc cc Scc
Injection Gas (CO2) 0.700 39.303 116.649 63.906 51.125 36.006 16638.043
Recombined Reservoir Fluid 0.300 17.509 65.883 36.094 28.875 26.619 26.058
Total 1.000 56.812 182.532 100.000 80.000 62.625 16664.101
GOR, SCF/STB 3585
Fluids Mole Mass Volume Volume% Cell Volume Charge Volume Standard cc
Fraction at, 238°F at, 75°F
gms cc cc cc Scc
Injection Gas (CO2) 0.700 39.303 70.207 51.822 41.458 33.104 16638.043
Recombined Reservoir Fluid 0.300 17.509 65.270 48.178 38.542 35.644 35.108
Total 1.000 56.812 135.477 100.000 80.000 68.748 16673.151
GOR, SCF/STB 2661
Fluids Mole Mass Volume Volume% Cell Volume Charge Volume Standard cc
Fraction at, 238°F at, 75°F
gms cc cc cc Scc
Injection Gas (CO2) 0.700 39.303 60.134 48.068 38.454 32.147 16638.043
Recombined Reservoir Fluid 0.300 17.509 64.968 51.932 41.546 38.482 38.020
Total 1.000 56.812 125.102 100.000 80.000 70.629 16676.063
GOR, SCF/STB 2457
Fluids Mole Mass Volume Volume% Cell Volume Charge Volume Standard cc
Fraction at, 238°F at, 75°F
gms cc cc cc Scc
Injection Gas (CO2) 0.700 39.303 53.860 45.440 36.352 31.365 16638.043
Recombined Reservoir Fluid 0.300 17.509 64.669 54.560 43.648 40.491 40.129
Total 1.000 56.812 118.529 100.000 80.000 71.856 16678.172
GOR, SCF/STB 2328
Fluids Mole Mass Volume Volume% Cell Volume Charge Volume Standard cc
Fraction at, 238°F at, 75°F
gms cc cc cc Scc
Injection Gas (CO2) 0.700 39.303 46.686 42.149 33.719 30.149 16638.043
Recombined Reservoir Fluid 0.300 17.509 64.078 57.851 46.281 43.067 42.942
Total 1.000 56.812 110.764 100.000 80.000 73.216 16680.985
GOR, SCF/STB 2176
Fluids Mole Mass Volume Volume% Cell Volume Charge Volume Standard cc
Fraction at, 238°F at, 75°F
gms cc cc cc Scc
Injection Gas (CO2) 0.700 39.303 42.674 40.193 32.155 29.224 16638.043
Recombined Reservoir Fluid 0.300 17.509 63.498 59.807 47.845 44.658 44.799
Total 1.000 56.812 106.172 100.000 80.000 73.882 16682.842
GOR, SCF/STB 2085
Experimental Pressure = 6000 psig
Experimental Pressure = 4000 psig
Experimental Pressure = 5000 psig
Experimental Pressure = 2000 psig
Experimental Pressure = 3000 psig




APPENDIX A3: CHARGE GAS/OIL VOLUME RATIOS Rv=0.850/0.150=5.667 
USED IN THE GAS-OIL IFT MEASUREMENTS 
Fluids Mole Mass Volume Volume% Cell Volume Charge Volume Standard cc
Fraction at, 238°F at, 75°F
gms cc cc cc Scc
Injection Gas (CO2) 0.118 39.303 146.962 85.000 68.000 45.363 20961.721
Recombined Reservoir Fluid 0.882 17.509 25.935 15.000 12.000 11.062 10.829
Total 1.000 56.812 172.897 100.000 80.000 56.425 20972.550
GOR, SCF/STB 10869
Fluids Mole Mass Volume Volume% Cell Volume Charge Volume Standard cc
Fraction at, 238°F at, 75°F
gms cc cc cc Scc
Injection Gas (CO2) 0.075 39.303 92.751 85.000 68.000 43.734 21980.501
Recombined Reservoir Fluid 0.925 17.509 16.368 15.000 12.000 11.097 10.931
Total 1.000 56.812 109.119 100.000 80.000 54.831 21991.432
GOR, SCF/STB 11291
Fluids Mole Mass Volume Volume% Cell Volume Charge Volume Standard cc
Fraction at, 238°F at, 75°F
gms cc cc cc Scc
Injection Gas (CO2) 0.059 39.303 72.384 85.000 67.999 42.152 22360.097
Recombined Reservoir Fluid 0.941 17.509 12.774 15.000 12.001 11.133 11.033
Total 1.000 56.812 85.158 100.000 80.000 53.285 22371.130
GOR, SCF/STB 11380
Fluids Mole Mass Volume Volume% Cell Volume Charge Volume Standard cc
Fraction at, 238°F at, 75°F
gms cc cc cc Scc
Injection Gas (CO2) 0.052 39.303 63.211 85.000 68.000 40.820 22527.328
Recombined Reservoir Fluid 0.948 17.509 11.155 15.000 12.000 11.167 11.134
Total 1.000 56.812 74.366 100.000 80.000 51.987 22538.462
GOR, SCF/STB 11361
Fluids Mole Mass Volume Volume% Cell Volume Charge Volume Standard cc
Fraction at, 238°F at, 75°F
gms cc cc cc Scc
Injection Gas (CO2) 0.048 39.303 58.015 85.000 68.000 39.729 22618.968
Recombined Reservoir Fluid 0.952 17.509 10.238 15.000 12.000 11.201 11.236
Total 1.000 56.812 68.253 100.000 80.000 50.930 22630.204
GOR, SCF/STB 11303
Experimental Pressure = 6000 psig
Experimental Pressure = 4000 psig
Experimental Pressure = 5000 psig
Experimental Pressure = 2000 psig





APPENDIX A4: CHARGE GAS/OIL VOLUME RATIOS Rv=0.450/0.550=0.818 
USED IN THE GAS-OIL IFT MEASUREMENTS 
Fluids Mole Mass Volume Volume% Cell Volume Charge Volume Standard cc
Fraction at, 238°F at, 75°F
gms cc cc cc Scc
Injection Gas (CO2) 0.519 39.303 86.458 45.000 36.000 26.687 12331.804
Recombined Reservoir Fluid 0.481 17.509 105.671 55.000 44.000 40.561 39.707
Total 1.000 56.812 192.129 100.000 80.000 67.248 12371.511
GOR, SCF/STB 1744
Fluids Mole Mass Volume Volume% Cell Volume Charge Volume Standard cc
Fraction at, 238°F at, 75°F
gms cc cc cc Scc
Injection Gas (CO2) 0.640 39.303 64.152 45.000 36.000 30.249 15202.949
Recombined Reservoir Fluid 0.360 17.509 78.407 55.000 44.000 40.690 40.080
Total 1.000 56.812 142.559 100.000 80.000 70.939 15243.029
GOR, SCF/STB 2130
Fluids Mole Mass Volume Volume% Cell Volume Charge Volume Standard cc
Fraction at, 238°F at, 75°F
gms cc cc cc Scc
Injection Gas (CO2) 0.696 39.303 53.572 45.001 36.001 31.198 16549.131
Recombined Reservoir Fluid 0.304 17.509 65.475 54.999 43.999 40.818 40.452
Total 1.000 56.812 119.047 100.000 80.000 72.016 16589.583
GOR, SCF/STB 2297
Fluids Mole Mass Volume Volume% Cell Volume Charge Volume Standard cc
Fraction at, 238°F at, 75°F
gms cc cc cc Scc
Injection Gas (CO2) 0.724 39.303 48.272 45.000 36.000 31.173 17203.278
Recombined Reservoir Fluid 0.276 17.509 58.999 55.000 44.000 40.945 40.826
Total 1.000 56.812 107.271 100.000 80.000 72.118 17244.104
GOR, SCF/STB 2366
Fluids Mole Mass Volume Volume% Cell Volume Charge Volume Standard cc
Fraction at, 238°F at, 75°F
gms cc cc cc Scc
Injection Gas (CO2) 0.740 39.303 45.090 45.000 36.000 30.878 17579.998
Recombined Reservoir Fluid 0.260 17.509 55.110 55.000 44.000 41.069 41.198
Total 1.000 56.812 100.200 100.000 80.000 71.947 17621.196
GOR, SCF/STB 2396
Experimental Pressure = 6000 psig
Experimental Pressure = 4000 psig
Experimental Pressure = 2000 psig






APPENDIX B1: DETAILED COMPOSITIONAL ANALYSIS OF 
EQUILIBRATED GAS AND LIQUID PHASES FOR GAS/OIL MOLAR RATIO 
Rm=0.893/0.107=8.346 AT 1500 PSIG AT 238°F 
Gas Phase
Flashed Gas Flashed Oil Recombined Fluid
Mole% Mole% Mole% Mole%
Hydrogen Sulphide H2S 0.000 0.000 0.000 0.000
Carbon Dioxide CO2 97.249 96.699 0.000 45.015
Nitrogen N2 0.051 0.027 0.000 0.013
Methane C1 1.958 1.398 0.000 0.651
Ethane C2 0.000 0.000 0.011 0.004
Propane C3 0.008 0.025 0.002 0.012
i-Butane iC4 0.013 0.047 0.009 0.026
n-Butane nC4 0.038 0.139 0.043 0.088
i-Pentane iC5 0.069 0.263 0.232 0.247
n-Pentane nC5 0.065 0.238 0.287 0.264
Hexanes C6 0.157 0.451 1.567 1.048
Benzene C6 0.000 0.000 0.000 0.000
Heptanes C7 0.221 0.483 4.756 2.766
Toluene C7 0.013 0.014 0.196 0.111
Octanes C8 0.135 0.203 8.137 4.444
M/P-Xylene C8 0.000 0.000 1.511 0.807
O-Xylene C8 0.000 0.000 0.470 0.251
Nonanes C9 0.023 0.013 5.676 3.039
Decanes C10 7.147 3.820
Undecanes C11 6.443 3.444
Dodecanes C12 6.038 3.227
Tridecanes C13 6.178 3.302
Tetradecanes C14 5.951 3.181
Pentadecanes C15 4.720 2.523
Hexadecanes C16 4.450 2.378
Heptdecanes C17 3.926 2.098
Octadecanes C18 3.873 2.070
Nonadecanes C19 3.791 2.027
Eicosanes C20 2.727 1.457
Heneicosanes C21 2.235 1.194
Docosanes C22 2.003 1.071
Tricosanes C23 1.947 1.041
Tetracosanes C24 1.782 0.953
Pentacosanes C25 1.569 0.838
Hexacosanes C26 1.371 0.733
Heptacosanes C27 1.233 0.659
Octacosanes C28 1.105 0.590
Nonacosanes C29 1.008 0.539
Triacontanes C30 0.919 0.491
Hentriacontanes C31 0.813 0.435
Dotriacontanes C32 0.687 0.367
Tritriacontanes C33 0.618 0.330
Tetratriacontanes C34 0.550 0.294
Pentatriacontanes C35 0.482 0.258
Hexatriacontanes Plus C36+ 3.537 1.894
Total 100.000 100.000 100.000 100.000
Average Molecular Weight 43.81 44.40 233.0 145.2
Flash Gas-Oil Ratio, SCF/STB 410








APPENDIX B2: DETAILED COMPOSITIONAL ANALYSIS OF 
EQUILIBRATED GAS AND LIQUID PHASES FOR GAS/OIL MOLAR RATIO 
Rm=0.893/0.107=8.346 AT 2000 PSIG AT 238°F 
Gas Phase
Flashed Gas Flashed Oil Recombined Fluid
Mole% Mole% Mole% Mole%
Hydrogen Sulphide H2S 0.000 0.000 0.000 0.000
Carbon Dioxide CO2 97.287 96.750 0.000 52.302
Nitrogen N2 0.013 0.000 0.000 0.000
Methane C1 2.024 1.534 0.000 0.829
Ethane C2 0.000 0.000 0.014 0.007
Propane C3 0.014 0.020 0.002 0.013
i-Butane iC4 0.019 0.039 0.006 0.027
n-Butane nC4 0.044 0.120 0.019 0.088
i-Pentane iC5 0.071 0.240 0.140 0.262
n-Pentane nC5 0.068 0.133 0.194 0.230
Hexanes C6 0.141 0.546 1.216 1.152
Benzene C6 0.000 0.000 0.000 0.000
Heptanes C7 0.182 0.402 4.082 2.759
Toluene C7 0.009 0.013 1.105 0.405
Octanes C8 0.113 0.187 7.304 3.957
M/P-Xylene C8 0.000 0.000 1.401 0.730
O-Xylene C8 0.000 0.000 0.423 0.213
Nonanes C9 0.015 0.016 5.307 2.806
Decanes C10 6.796 3.369
Undecanes C11 6.212 2.985
Dodecanes C12 5.830 2.741
Tridecanes C13 6.116 2.795
Tetradecanes C14 5.954 2.714
Pentadecanes C15 4.725 2.106
Hexadecanes C16 4.459 2.001
Heptdecanes C17 3.958 1.764
Octadecanes C18 3.919 1.748
Nonadecanes C19 3.877 1.713
Eicosanes C20 2.741 1.038
Heneicosanes C21 2.297 1.198
Docosanes C22 2.051 0.902
Tricosanes C23 1.999 0.880
Tetracosanes C24 1.841 0.809
Pentacosanes C25 1.620 0.703
Hexacosanes C26 1.408 0.621
Heptacosanes C27 1.281 0.551
Octacosanes C28 1.151 0.508
Nonacosanes C29 1.047 0.450
Triacontanes C30 0.956 0.411
Hentriacontanes C31 0.845 0.365
Dotriacontanes C32 0.737 0.308
Tritriacontanes C33 0.641 0.275
Tetratriacontanes C34 0.576 0.243
Pentatriacontanes C35 0.527 0.213
Hexatriacontanes Plus C36+ 5.223 0.809
Total 100.000 100.000 100.000 100.000
Average Molecular Weight 43.75 44.32 229.8 129.5
Flash Gas-Oil Ratio, SCF/STB 560








APPENDIX B3: DETAILED COMPOSITIONAL ANALYSIS OF 
EQUILIBRATED GAS AND LIQUID PHASES FOR GAS/OIL MOLAR RATIO 
Rm=0.893/0.107=8.346 AT 2500 PSIG AT 238°F 
Gas Phase
Flashed Gas Flashed Oil Recombined Fluid
Mole% Mole% Mole% Mole%
Hydrogen Sulphide H2S 0.000 0.000 0.000 0.000
Carbon Dioxide CO2 97.125 97.007 0.000 58.088
Nitrogen N2 0.014 0.004 0.000 0.002
Methane C1 2.066 1.514 0.000 0.907
Ethane C2 0.000 0.000 0.018 0.006
Propane C3 0.007 0.014 0.004 0.011
i-Butane iC4 0.012 0.029 0.009 0.021
n-Butane nC4 0.033 0.090 0.032 0.067
i-Pentane iC5 0.063 0.177 0.177 0.177
n-Pentane nC5 0.059 0.161 0.220 0.185
Hexanes C6 0.156 0.348 1.266 0.716
Benzene C6 0.000 0.000 0.000 0.000
Heptanes C7 0.239 0.412 4.152 1.912
Toluene C7 0.017 0.015 0.718 0.297
Octanes C8 0.168 0.201 6.752 2.829
M/P-Xylene C8 0.000 0.000 1.323 0.531
O-Xylene C8 0.000 0.000 0.399 0.160
Nonanes C9 0.041 0.028 5.024 2.032
Decanes C10 6.377 2.559
Undecanes C11 5.850 2.347
Dodecanes C12 5.676 2.277
Tridecanes C13 5.934 2.381
Tetradecanes C14 5.928 2.379
Pentadecanes C15 4.720 1.893
Hexadecanes C16 4.579 1.837
Heptdecanes C17 4.073 1.634
Octadecanes C18 4.053 1.626
Nonadecanes C19 4.012 1.610
Eicosanes C20 2.413 0.968
Heneicosanes C21 2.813 1.129
Docosanes C22 2.119 0.850
Tricosanes C23 2.068 0.830
Tetracosanes C24 1.903 0.764
Pentacosanes C25 1.659 0.666
Hexacosanes C26 1.454 0.583
Heptacosanes C27 1.304 0.523
Octacosanes C28 1.189 0.477
Nonacosanes C29 1.062 0.426
Triacontanes C30 0.989 0.397
Hentriacontanes C31 0.840 0.337
Dotriacontanes C32 0.736 0.295
Tritriacontanes C33 0.647 0.260
Tetratriacontanes C34 0.570 0.229
Pentatriacontanes C35 0.523 0.210
Hexatriacontanes Plus C36+ 6.415 2.572
Total 100.000 100.000 100.000 100.000
Average Molecular Weight 43.83 44.25 238.2 122.1
Flash Gas-Oil Ratio, SCF/STB 686








APPENDIX B4: DETAILED COMPOSITIONAL ANALYSIS OF 
EQUILIBRATED GAS AND LIQUID PHASES FOR GAS/OIL MOLAR RATIO 
Rm=0.893/0.107=8.346 AT 3000 PSIG AT 238°F 
Gas Phase
Flashed Gas Flashed Oil Recombined Fluid
Mole% Mole% Mole% Mole%
Hydrogen Sulphide H2S 0.000 0.000 0.000 0.000
Carbon Dioxide CO2 96.769 96.829 0.000 62.244
Nitrogen N2 0.034 0.000 0.000 0.000
Methane C1 2.263 1.744 0.000 1.120
Ethane C2 0.000 0.000 0.018 0.006
Propane C3 0.009 0.016 0.003 0.012
i-Butane iC4 0.013 0.030 0.006 0.021
n-Butane nC4 0.037 0.091 0.025 0.067
i-Pentane iC5 0.069 0.177 0.155 0.169
n-Pentane nC5 0.064 0.159 0.198 0.173
Hexanes C6 0.170 0.334 1.195 0.642
Benzene C6 0.000 0.000 0.000 0.000
Heptanes C7 0.271 0.389 4.039 1.693
Toluene C7 0.021 0.014 0.698 0.258
Octanes C8 0.214 0.188 6.656 2.498
M/P-Xylene C8 0.000 0.000 1.315 0.470
O-Xylene C8 0.000 0.000 0.387 0.138
Nonanes C9 0.066 0.029 5.035 1.816
Decanes C10 6.313 2.255
Undecanes C11 5.768 2.061
Dodecanes C12 5.637 2.013
Tridecanes C13 5.973 2.134
Tetradecanes C14 5.982 2.137
Pentadecanes C15 4.715 1.684
Hexadecanes C16 4.576 1.635
Heptdecanes C17 4.111 1.469
Octadecanes C18 4.095 1.463
Nonadecanes C19 3.774 1.348
Eicosanes C20 2.751 0.983
Heneicosanes C21 2.898 1.035
Docosanes C22 2.173 0.776
Tricosanes C23 2.128 0.760
Tetracosanes C24 1.975 0.705
Pentacosanes C25 1.676 0.599
Hexacosanes C26 1.540 0.550
Heptacosanes C27 1.356 0.484
Octacosanes C28 1.248 0.446
Nonacosanes C29 1.099 0.392
Triacontanes C30 1.020 0.364
Hentriacontanes C31 0.894 0.319
Dotriacontanes C32 0.779 0.278
Tritriacontanes C33 0.672 0.240
Tetratriacontanes C34 0.613 0.219
Pentatriacontanes C35 0.544 0.194
Hexatriacontanes Plus C36+ 5.960 2.130
Total 100.000 100.000 100.000 100.000
Average Molecular Weight 43.86 44.16 239.0 113.8
Flash Gas-Oil Ratio, SCF/STB 825








APPENDIX B5: DETAILED COMPOSITIONAL ANALYSIS OF 
EQUILIBRATED GAS AND LIQUID PHASES FOR GAS/OIL MOLAR RATIO 
Rm=0.893/0.107=8.346 AT 3500 PSIG AT 238°F 
Gas Phase
Flashed Gas Flashed Oil Recombined Fluid
Mole% Mole% Mole% Mole%
Hydrogen Sulphide H2S 0.000 0.000 0.000 0.000
Carbon Dioxide CO2 96.893 96.942 0.000 66.425
Nitrogen N2 0.108 0.026 0.000 0.018
Methane C1 2.253 1.803 0.000 1.236
Ethane C2 0.000 0.000 0.004 0.003
Propane C3 0.008 0.014 0.003 0.011
i-Butane iC4 0.012 0.026 0.007 0.020
n-Butane nC4 0.033 0.079 0.032 0.065
i-Pentane iC5 0.061 0.150 0.144 0.148
n-Pentane nC5 0.057 0.136 0.182 0.151
Hexanes C6 0.146 0.289 1.154 0.561
Benzene C6 0.000 0.000 0.000 0.000
Heptanes C7 0.219 0.339 3.719 1.402
Toluene C7 0.015 0.012 0.839 0.272
Octanes C8 0.154 0.166 6.175 2.056
M/P-Xylene C8 0.000 0.000 1.251 0.393
O-Xylene C8 0.000 0.000 0.374 0.118
Nonanes C9 0.041 0.018 4.685 1.486
Decanes C10 5.984 1.882
Undecanes C11 5.528 1.739
Dodecanes C12 5.426 1.707
Tridecanes C13 5.826 1.833
Tetradecanes C14 5.901 1.856
Pentadecanes C15 4.735 1.489
Hexadecanes C16 4.634 1.458
Heptdecanes C17 4.173 1.313
Octadecanes C18 4.204 1.322
Nonadecanes C19 4.226 1.329
Eicosanes C20 3.094 0.973
Heneicosanes C21 2.549 0.802
Docosanes C22 2.307 0.726
Tricosanes C23 2.262 0.711
Tetracosanes C24 2.093 0.658
Pentacosanes C25 1.847 0.581
Hexacosanes C26 1.613 0.507
Heptacosanes C27 1.475 0.464
Octacosanes C28 1.340 0.422
Nonacosanes C29 1.190 0.374
Triacontanes C30 1.113 0.350
Hentriacontanes C31 0.970 0.305
Dotriacontanes C32 0.833 0.262
Tritriacontanes C33 0.748 0.235
Tetratriacontanes C34 0.662 0.208
Pentatriacontanes C35 0.583 0.183
Hexatriacontanes Plus C36+ 6.115 1.946
Total 100.000 100.000 100.000 100.000
Average Molecular Weight 43.74 44.05 248.0 108.3
Flash Gas-Oil Ratio, SCF/STB 961








APPENDIX B6: DETAILED COMPOSITIONAL ANALYSIS OF 
EQUILIBRATED GAS AND LIQUID PHASES FOR GAS/OIL MOLAR RATIO 
Rm=0.893/0.107=8.346 AT 4000 PSIG AT 238°F 
Gas Phase
Flashed Gas Flashed Oil Recombined Fluid
Mole% Mole% Mole% Mole%
Hydrogen Sulphide H2S 0.000 0.000 0.000 0.000
Carbon Dioxide CO2 97.300 96.837 0.000 69.088
Nitrogen N2 0.048 0.024 0.000 0.017
Methane C1 2.269 1.925 0.000 1.374
Ethane C2 0.000 0.000 0.009 0.002
Propane C3 0.000 0.014 0.007 0.012
i-Butane iC4 0.011 0.024 0.012 0.021
n-Butane nC4 0.029 0.074 0.028 0.061
i-Pentane iC5 0.048 0.143 0.134 0.141
n-Pentane nC5 0.042 0.129 0.172 0.141
Hexanes C6 0.086 0.280 1.021 0.492
Benzene C6 0.000 0.000 0.000 0.000
Heptanes C7 0.097 0.336 3.382 1.209
Toluene C7 0.006 0.012 1.053 0.310
Octanes C8 0.061 0.183 5.685 1.760
M/P-Xylene C8 0.000 0.000 1.133 0.325
O-Xylene C8 0.000 0.000 0.303 0.087
Nonanes C9 0.003 0.019 4.372 1.266
Decanes C10 5.511 1.579
Undecanes C11 5.114 1.465
Dodecanes C12 5.076 1.455
Tridecanes C13 5.391 1.545
Tetradecanes C14 5.495 1.575
Pentadecanes C15 4.520 1.295
Hexadecanes C16 4.479 1.283
Heptdecanes C17 4.077 1.168
Octadecanes C18 4.129 1.183
Nonadecanes C19 4.224 1.210
Eicosanes C20 2.579 0.739
Heneicosanes C21 3.083 0.884
Docosanes C22 2.360 0.676
Tricosanes C23 2.335 0.669
Tetracosanes C24 2.165 0.620
Pentacosanes C25 1.934 0.554
Hexacosanes C26 1.698 0.486
Heptacosanes C27 1.534 0.440
Octacosanes C28 1.403 0.402
Nonacosanes C29 1.279 0.367
Triacontanes C30 1.172 0.336
Hentriacontanes C31 1.035 0.296
Dotriacontanes C32 0.893 0.256
Tritriacontanes C33 0.791 0.227
Tetratriacontanes C34 0.689 0.197
Pentatriacontanes C35 0.627 0.180
Hexatriacontanes Plus C36+ 9.096 2.607
Total 100.000 100.000 100.000 100.000
Average Molecular Weight 43.54 44.02 257.2 105.1
Flash Gas-Oil Ratio, SCF/STB 1061








APPENDIX B7: DETAILED COMPOSITIONAL ANALYSIS OF 
EQUILIBRATED GAS AND LIQUID PHASES FOR GAS/OIL MOLAR RATIO 
Rm=0.893/0.107=8.346 AT 5000 PSIG AT 238°F 
Gas Phase
Flashed Gas Flashed Oil Recombined Fluid
Mole% Mole% Mole% Mole%
Hydrogen Sulphide H2S 0.000 0.000 0.000 0.000
Carbon Dioxide CO2 97.588 97.183 0.000 72.756
Nitrogen N2 0.029 0.017 0.000 0.013
Methane C1 2.007 1.830 0.000 1.371
Ethane C2 0.000 0.000 0.025 0.007
Propane C3 0.000 0.011 0.000 0.008
i-Butane iC4 0.010 0.020 0.004 0.016
n-Butane nC4 0.026 0.062 0.012 0.049
i-Pentane iC5 0.044 0.118 0.056 0.102
n-Pentane nC5 0.038 0.108 0.072 0.099
Hexanes C6 0.082 0.232 0.557 0.314
Benzene C6 0.000 0.000 0.000 0.000
Heptanes C7 0.098 0.276 2.486 0.832
Toluene C7 0.007 0.009 0.459 0.122
Octanes C8 0.064 0.125 4.559 1.240
M/P-Xylene C8 0.000 0.000 0.935 0.235
O-Xylene C8 0.000 0.000 0.250 0.063
Nonanes C9 0.007 0.009 3.674 0.930
Decanes C10 4.623 1.162
Undecanes C11 4.416 1.110
Dodecanes C12 4.474 1.124
Tridecanes C13 4.900 1.232
Tetradecanes C14 5.134 1.290
Pentadecanes C15 4.207 1.057
Hexadecanes C16 4.308 1.083
Heptdecanes C17 3.978 1.000
Octadecanes C18 4.107 1.032
Nonadecanes C19 4.340 1.091
Eicosanes C20 2.734 0.687
Heneicosanes C21 3.348 0.841
Docosanes C22 2.627 0.660
Tricosanes C23 2.659 0.668
Tetracosanes C24 2.551 0.641
Pentacosanes C25 2.237 0.562
Hexacosanes C26 2.075 0.522
Heptacosanes C27 1.920 0.483
Octacosanes C28 1.766 0.444
Nonacosanes C29 1.630 0.410
Triacontanes C30 1.511 0.380
Hentriacontanes C31 1.386 0.348
Dotriacontanes C32 1.195 0.300
Tritriacontanes C33 1.074 0.270
Tetratriacontanes C34 0.966 0.243
Pentatriacontanes C35 0.892 0.224
Hexatriacontanes Plus C36+ 11.853 2.979
Total 100.000 100.000 100.000 100.000
Average Molecular Weight 43.62 43.92 284.4 104.4
Flash Gas-Oil Ratio, SCF/STB 1148








APPENDIX B8: DETAILED COMPOSITIONAL ANALYSIS OF 
EQUILIBRATED GAS AND LIQUID PHASES FOR GAS/OIL MOLAR RATIO 
Rm=0.893/0.107=8.346 AT 5500 PSIG AT 238°F 
Gas Phase
Flashed Gas Flashed Oil Recombined Fluid
Mole% Mole% Mole% Mole%
Hydrogen Sulphide H2S 0.000 0.000 0.000 0.000
Carbon Dioxide CO2 96.885 96.714 0.000 73.896
Nitrogen N2 0.004 0.006 0.000 0.005
Methane C1 2.196 2.096 0.000 1.601
Ethane C2 0.000 0.000 0.054 0.014
Propane C3 0.007 0.013 0.013 0.013
i-Butane iC4 0.013 0.024 0.016 0.021
n-Butane nC4 0.035 0.072 0.030 0.061
i-Pentane iC5 0.068 0.137 0.124 0.134
n-Pentane nC5 0.063 0.126 0.139 0.129
Hexanes C6 0.171 0.281 0.723 0.386
Benzene C6 0.000 0.000 0.000 0.000
Heptanes C7 0.271 0.335 2.819 0.921
Toluene C7 0.020 0.012 0.701 0.174
Octanes C8 0.211 0.165 5.193 1.352
M/P-Xylene C8 0.000 0.000 1.079 0.254
O-Xylene C8 0.000 0.000 0.307 0.073
Nonanes C9 0.056 0.019 4.201 1.006
Decanes C10 5.409 1.277
Undecanes C11 5.041 1.189
Dodecanes C12 5.009 1.182
Tridecanes C13 5.479 1.293
Tetradecanes C14 5.576 1.316
Pentadecanes C15 4.578 1.080
Hexadecanes C16 4.537 1.070
Heptdecanes C17 4.153 0.980
Octadecanes C18 4.248 1.002
Nonadecanes C19 4.407 1.040
Eicosanes C20 2.780 0.656
Heneicosanes C21 3.358 0.792
Docosanes C22 2.619 0.618
Tricosanes C23 2.624 0.619
Tetracosanes C24 2.506 0.591
Pentacosanes C25 2.183 0.515
Hexacosanes C26 2.046 0.483
Heptacosanes C27 1.846 0.435
Octacosanes C28 1.713 0.404
Nonacosanes C29 1.600 0.378
Triacontanes C30 1.479 0.349
Hentriacontanes C31 1.289 0.304
Dotriacontanes C32 1.183 0.279
Tritriacontanes C33 1.035 0.244
Tetratriacontanes C34 0.952 0.225
Pentatriacontanes C35 0.834 0.197
Hexatriacontanes Plus C36+ 6.117 1.442
Total 100.000 100.000 100.000 100.000
Average Molecular Weight 43.87 43.95 287.0 101.3
Flash Gas-Oil Ratio, SCF/STB 1236








APPENDIX B9: DETAILED COMPOSITIONAL ANALYSIS OF 
EQUILIBRATED GAS AND LIQUID PHASES FOR GAS/OIL MOLAR RATIO 
Rm=0.893/0.107=8.346 AT 6000 PSIG AT 238°F 
Gas Phase
Flashed Gas Flashed Oil Recombined Fluid
Mole% Mole% Mole% Mole%
Hydrogen Sulphide H2S 0.000 0.000 0.000 0.000
Carbon Dioxide CO2 96.900 97.089 0.000 75.852
Nitrogen N2 0.128 0.021 0.000 0.016
Methane C1 2.236 1.871 0.000 1.462
Ethane C2 0.000 0.000 0.032 0.006
Propane C3 0.029 0.011 0.000 0.009
i-Butane iC4 0.028 0.020 0.005 0.016
n-Butane nC4 0.053 0.059 0.013 0.049
i-Pentane iC5 0.070 0.113 0.074 0.104
n-Pentane nC5 0.074 0.107 0.097 0.105
Hexanes C6 0.116 0.240 0.541 0.306
Benzene C6 0.000 0.000 0.000 0.000
Heptanes C7 0.176 0.301 2.224 0.722
Toluene C7 0.013 0.010 0.696 0.160
Octanes C8 0.138 0.146 4.175 1.028
M/P-Xylene C8 0.000 0.000 0.869 0.190
O-Xylene C8 0.000 0.000 0.236 0.052
Nonanes C9 0.039 0.012 3.402 0.754
Decanes C10 4.406 0.964
Undecanes C11 4.172 0.913
Dodecanes C12 4.239 0.927
Tridecanes C13 4.585 1.003
Tetradecanes C14 4.788 1.048
Pentadecanes C15 3.864 0.845
Hexadecanes C16 3.984 0.872
Heptdecanes C17 3.662 0.801
Octadecanes C18 3.763 0.823
Nonadecanes C19 4.001 0.875
Eicosanes C20 2.500 0.547
Heneicosanes C21 3.095 0.677
Docosanes C22 2.438 0.533
Tricosanes C23 2.465 0.539
Tetracosanes C24 2.405 0.526
Pentacosanes C25 2.111 0.462
Hexacosanes C26 1.935 0.423
Heptacosanes C27 1.847 0.404
Octacosanes C28 1.727 0.378
Nonacosanes C29 1.601 0.350
Triacontanes C30 1.496 0.327
Hentriacontanes C31 1.372 0.300
Dotriacontanes C32 1.207 0.264
Tritriacontanes C33 1.097 0.240
Tetratriacontanes C34 1.007 0.220
Pentatriacontanes C35 0.921 0.201
Hexatriacontanes Plus C36+ 16.948 3.707
Total 100.000 100.000 100.000 100.000
Average Molecular Weight 43.70 43.94 292.1 98.2
Flash Gas-Oil Ratio, SCF/STB 1340








APPENDIX C1: DETAILED COMPOSITIONAL ANALYSIS OF 
EQUILIBRATED GAS AND LIQUID PHASES FOR GAS/OIL MOLAR RATIO 
Rm=0.700/0.300=2.333 AT 2000 PSIG AT 238°F 
Gas Phase
Flashed Gas Flashed Oil Recombined Fluid
Mole% Mole% Mole% Mole%
Hydrogen Sulphide H2S 0.000 0.000 0.000 0.000
Carbon Dioxide CO2 81.305 90.579 0.000 40.034
Nitrogen N2 0.086 0.009 0.000 0.004
Methane C1 18.131 6.952 0.000 3.073
Ethane C2 0.000 0.000 0.031 0.017
Propane C3 0.014 0.027 0.007 0.015
i-Butane iC4 0.025 0.066 0.013 0.035
n-Butane nC4 0.055 0.180 0.040 0.101
i-Pentane iC5 0.091 0.395 0.287 0.334
n-Pentane nC5 0.070 0.312 0.331 0.324
Hexanes C6 0.110 0.608 1.996 1.382
Benzene C6 0.000 0.000 0.000 0.000
Heptanes C7 0.075 0.588 5.798 3.495
Toluene C7 0.015 0.017 0.258 0.152
Octanes C8 0.020 0.250 9.541 5.436
M/P-Xylene C8 0.000 0.000 1.592 0.889
O-Xylene C8 0.000 0.000 0.457 0.255
Nonanes C9 0.003 0.017 6.219 3.478
Decanes C10 7.354 4.104
Undecanes C11 6.341 3.538
Dodecanes C12 5.807 3.241
Tridecanes C13 5.859 3.269
Tetradecanes C14 5.601 3.125
Pentadecanes C15 4.351 2.428
Hexadecanes C16 4.112 2.294
Heptdecanes C17 3.622 2.021
Octadecanes C18 3.574 1.994
Nonadecanes C19 3.544 1.978
Eicosanes C20 2.089 1.166
Heneicosanes C21 2.465 1.376
Docosanes C22 1.855 1.035
Tricosanes C23 1.810 1.010
Tetracosanes C24 1.649 0.920
Pentacosanes C25 1.456 0.812
Hexacosanes C26 1.278 0.713
Heptacosanes C27 1.141 0.637
Octacosanes C28 1.044 0.583
Nonacosanes C29 0.926 0.517
Triacontanes C30 0.848 0.473
Hentriacontanes C31 0.757 0.423
Dotriacontanes C32 0.647 0.361
Tritriacontanes C33 0.570 0.318
Tetratriacontanes C34 0.515 0.287
Pentatriacontanes C35 0.468 0.261
Hexatriacontanes Plus C36+ 3.747 2.092
Total 100.000 100.000 100.000 100.000
Average Molecular Weight 39.10 43.08 224.5 144.3
Flash Gas-Oil Ratio, SCF/STB 389








APPENDIX C2: DETAILED COMPOSITIONAL ANALYSIS OF 
EQUILIBRATED GAS AND LIQUID PHASES FOR GAS/OIL MOLAR RATIO 
Rm=0.700/0.300=2.333 AT 3000 PSIG AT 238°F 
Gas Phase
Flashed Gas Flashed Oil Recombined Fluid
Mole% Mole% Mole% Mole%
Hydrogen Sulphide H2S 0.000 0.000 0.000 0.000
Carbon Dioxide CO2 81.419 92.436 0.000 59.786
Nitrogen N2 0.050 0.000 0.000 0.000
Methane C1 17.609 5.752 0.000 3.719
Ethane C2 0.000 0.000 0.024 0.008
Propane C3 0.017 0.015 0.005 0.011
i-Butane iC4 0.027 0.038 0.013 0.029
n-Butane nC4 0.059 0.109 0.038 0.083
i-Pentane iC5 0.107 0.252 0.218 0.240
n-Pentane nC5 0.098 0.212 0.275 0.234
Hexanes C6 0.193 0.456 1.635 0.873
Benzene C6 0.000 0.000 0.000 0.000
Heptanes C7 0.247 0.479 5.214 2.152
Toluene C7 0.015 0.015 0.181 0.073
Octanes C8 0.146 0.215 8.975 3.311
M/P-Xylene C8 0.000 0.000 1.528 0.540
O-Xylene C8 0.000 0.000 0.425 0.150
Nonanes C9 0.013 0.021 5.995 2.131
Decanes C10 7.174 2.534
Undecanes C11 6.267 2.214
Dodecanes C12 5.743 2.028
Tridecanes C13 5.803 2.050
Tetradecanes C14 5.593 1.976
Pentadecanes C15 4.393 1.552
Hexadecanes C16 4.152 1.467
Heptdecanes C17 3.670 1.296
Octadecanes C18 3.620 1.278
Nonadecanes C19 3.597 1.271
Eicosanes C20 2.103 0.743
Heneicosanes C21 2.484 0.877
Docosanes C22 1.875 0.662
Tricosanes C23 1.827 0.645
Tetracosanes C24 1.689 0.597
Pentacosanes C25 1.455 0.514
Hexacosanes C26 1.274 0.450
Heptacosanes C27 1.148 0.406
Octacosanes C28 1.054 0.372
Nonacosanes C29 0.943 0.333
Triacontanes C30 0.861 0.304
Hentriacontanes C31 0.757 0.267
Dotriacontanes C32 0.651 0.230
Tritriacontanes C33 0.579 0.204
Tetratriacontanes C34 0.508 0.179
Pentatriacontanes C35 0.463 0.163
Hexatriacontanes Plus C36+ 5.791 2.048
Total 100.000 100.000 100.000 100.000
Average Molecular Weight 39.49 43.19 233.0 110.2
Flash Gas-Oil Ratio, SCF/STB 866








APPENDIX C3: DETAILED COMPOSITIONAL ANALYSIS OF 
EQUILIBRATED GAS AND LIQUID PHASES FOR GAS/OIL MOLAR RATIO 
Rm=0.700/0.300=2.333 AT 3500 PSIG AT 238°F 
Gas Phase
Flashed Gas Flashed Oil Recombined Fluid
Mole% Mole% Mole% Mole%
Hydrogen Sulphide H2S 0.000 0.000 0.000 0.000
Carbon Dioxide CO2 83.422 92.836 0.000 64.775
Nitrogen N2 0.066 0.009 0.000 0.006
Methane C1 15.445 5.469 0.000 3.815
Ethane C2 0.000 0.000 0.016 0.005
Propane C3 0.013 0.010 0.003 0.009
i-Butane iC4 0.023 0.033 0.003 0.025
n-Butane nC4 0.057 0.087 0.015 0.066
i-Pentane iC5 0.116 0.216 0.169 0.202
n-Pentane nC5 0.094 0.183 0.204 0.189
Hexanes C6 0.241 0.424 1.400 0.719
Benzene C6 0.000 0.000 0.000 0.000
Heptanes C7 0.297 0.472 4.737 1.761
Toluene C7 0.015 0.016 0.237 0.082
Octanes C8 0.171 0.215 8.582 2.744
M/P-Xylene C8 0.000 0.000 1.530 0.463
O-Xylene C8 0.000 0.000 0.440 0.133
Nonanes C9 0.040 0.030 5.940 1.816
Decanes C10 7.270 2.198
Undecanes C11 6.414 1.939
Dodecanes C12 5.959 1.801
Tridecanes C13 6.109 1.846
Tetradecanes C14 5.936 1.794
Pentadecanes C15 4.626 1.398
Hexadecanes C16 4.391 1.327
Heptdecanes C17 3.897 1.178
Octadecanes C18 3.851 1.164
Nonadecanes C19 3.852 1.164
Eicosanes C20 2.235 0.676
Heneicosanes C21 2.682 0.811
Docosanes C22 2.003 0.605
Tricosanes C23 1.963 0.593
Tetracosanes C24 1.816 0.549
Pentacosanes C25 1.565 0.473
Hexacosanes C26 1.397 0.422
Heptacosanes C27 1.256 0.380
Octacosanes C28 1.137 0.344
Nonacosanes C29 1.038 0.314
Triacontanes C30 0.940 0.284
Hentriacontanes C31 0.834 0.252
Dotriacontanes C32 0.718 0.217
Tritriacontanes C33 0.644 0.195
Tetratriacontanes C34 0.573 0.173
Pentatriacontanes C35 0.512 0.155
Hexatriacontanes Plus C36+ 3.106 0.938
Total 100.000 100.000 100.000 100.000
Average Molecular Weight 40.18 43.24 239.4 102.5
Flash Gas-Oil Ratio, SCF/STB 1062








APPENDIX C4: DETAILED COMPOSITIONAL ANALYSIS OF 
EQUILIBRATED GAS AND LIQUID PHASES FOR GAS/OIL MOLAR RATIO 
Rm=0.700/0.300=2.333 AT 4000 PSIG AT 238°F 
Gas Phase
Flashed Gas Flashed Oil Recombined Fluid
Mole% Mole% Mole% Mole%
Hydrogen Sulphide H2S 0.000 0.000 0.000 0.000
Carbon Dioxide CO2 84.131 92.768 0.000 65.971
Nitrogen N2 0.073 0.021 0.000 0.014
Methane C1 14.529 5.553 0.000 3.948
Ethane C2 0.000 0.000 0.035 0.009
Propane C3 0.017 0.011 0.005 0.010
i-Butane iC4 0.027 0.030 0.006 0.023
n-Butane nC4 0.062 0.087 0.016 0.067
i-Pentane iC5 0.123 0.210 0.129 0.186
n-Pentane nC5 0.109 0.181 0.171 0.178
Hexanes C6 0.260 0.419 1.271 0.665
Benzene C6 0.000 0.000 0.000 0.000
Heptanes C7 0.359 0.461 4.357 1.587
Toluene C7 0.022 0.016 0.173 0.061
Octanes C8 0.239 0.207 8.115 2.491
M/P-Xylene C8 0.000 0.000 1.452 0.419
O-Xylene C8 0.000 0.000 0.411 0.119
Nonanes C9 0.049 0.036 5.688 1.668
Decanes C10 7.000 2.022
Undecanes C11 6.185 1.787
Dodecanes C12 5.785 1.671
Tridecanes C13 5.901 1.705
Tetradecanes C14 5.795 1.674
Pentadecanes C15 4.482 1.295
Hexadecanes C16 4.301 1.242
Heptdecanes C17 3.814 1.102
Octadecanes C18 3.781 1.092
Nonadecanes C19 3.716 1.074
Eicosanes C20 2.287 0.661
Heneicosanes C21 2.644 0.764
Docosanes C22 1.991 0.575
Tricosanes C23 1.949 0.563
Tetracosanes C24 1.800 0.520
Pentacosanes C25 1.570 0.454
Hexacosanes C26 1.378 0.398
Heptacosanes C27 1.246 0.360
Octacosanes C28 1.150 0.332
Nonacosanes C29 1.016 0.293
Triacontanes C30 0.944 0.273
Hentriacontanes C31 0.832 0.240
Dotriacontanes C32 0.715 0.207
Tritriacontanes C33 0.631 0.182
Tetratriacontanes C34 0.573 0.166
Pentatriacontanes C35 0.519 0.150
Hexatriacontanes Plus C36+ 6.166 1.782
Total 100.000 100.000 100.000 100.000
Average Molecular Weight 40.54 43.20 236.0 98.9
Flash Gas-Oil Ratio, SCF/STB 1149








APPENDIX C5: DETAILED COMPOSITIONAL ANALYSIS OF 
EQUILIBRATED GAS AND LIQUID PHASES FOR GAS/OIL MOLAR RATIO 
Rm=0.700/0.300=2.333 AT 5000 PSIG AT 238°F 
Gas Phase
Flashed Gas Flashed Oil Recombined Fluid
Mole% Mole% Mole% Mole%
Hydrogen Sulphide H2S 0.000 0.000 0.000 0.000
Carbon Dioxide CO2 84.269 92.826 0.000 69.951
Nitrogen N2 0.073 0.014 0.000 0.010
Methane C1 14.324 5.626 0.000 4.240
Ethane C2 0.000 0.000 0.014 0.004
Propane C3 0.011 0.009 0.003 0.009
i-Butane iC4 0.026 0.026 0.007 0.022
n-Butane nC4 0.066 0.075 0.025 0.062
i-Pentane iC5 0.156 0.188 0.178 0.185
n-Pentane nC5 0.134 0.162 0.221 0.177
Hexanes C6 0.279 0.391 1.577 0.683
Benzene C6 0.000 0.000 0.000 0.000
Heptanes C7 0.396 0.442 5.244 1.625
Toluene C7 0.028 0.015 0.172 0.054
Octanes C8 0.204 0.202 9.183 2.416
M/P-Xylene C8 0.000 0.000 1.595 0.393
O-Xylene C8 0.000 0.000 0.467 0.115
Nonanes C9 0.034 0.024 6.116 1.525
Decanes C10 7.350 1.811
Undecanes C11 6.435 1.586
Dodecanes C12 5.817 1.434
Tridecanes C13 5.963 1.469
Tetradecanes C14 5.751 1.417
Pentadecanes C15 4.527 1.115
Hexadecanes C16 4.269 1.052
Heptdecanes C17 3.762 0.927
Octadecanes C18 3.725 0.918
Nonadecanes C19 3.402 0.838
Eicosanes C20 2.954 0.728
Heneicosanes C21 2.095 0.516
Docosanes C22 1.953 0.481
Tricosanes C23 1.890 0.466
Tetracosanes C24 1.722 0.424
Pentacosanes C25 1.523 0.375
Hexacosanes C26 1.338 0.330
Heptacosanes C27 1.213 0.299
Octacosanes C28 1.094 0.270
Nonacosanes C29 0.970 0.239
Triacontanes C30 0.898 0.221
Hentriacontanes C31 0.790 0.195
Dotriacontanes C32 0.681 0.168
Tritriacontanes C33 0.599 0.148
Tetratriacontanes C34 0.535 0.132
Pentatriacontanes C35 0.478 0.118
Hexatriacontanes Plus C36+ 3.464 0.852
Total 100.000 100.000 100.000 100.000
Average Molecular Weight 40.61 43.13 232.0 89.7
Flash Gas-Oil Ratio, SCF/STB 1452








APPENDIX C6: DETAILED COMPOSITIONAL ANALYSIS OF 
EQUILIBRATED GAS AND LIQUID PHASES FOR GAS/OIL MOLAR RATIO 
Rm=0.700/0.300=2.333 AT 6000 PSIG AT 238°F 
Gas Phase
Flashed Gas Flashed Oil Recombined Fluid
Mole% Mole% Mole% Mole%
Hydrogen Sulphide H2S 0.000 0.000 0.000 0.000
Carbon Dioxide CO2 84.027 92.059 0.000 72.702
Nitrogen N2 0.286 0.048 0.000 0.037
Methane C1 14.568 6.398 0.000 5.052
Ethane C2 0.000 0.000 0.037 0.008
Propane C3 0.016 0.010 0.000 0.008
i-Butane iC4 0.027 0.026 0.007 0.022
n-Butane nC4 0.061 0.073 0.015 0.061
i-Pentane iC5 0.123 0.180 0.122 0.168
n-Pentane nC5 0.110 0.156 0.154 0.156
Hexanes C6 0.258 0.376 1.137 0.536
Benzene C6 0.000 0.000 0.000 0.000
Heptanes C7 0.335 0.431 4.216 1.227
Toluene C7 0.016 0.015 0.236 0.061
Octanes C8 0.169 0.207 7.965 1.838
M/P-Xylene C8 0.000 0.000 1.466 0.308
O-Xylene C8 0.000 0.000 0.413 0.087
Nonanes C9 0.004 0.021 5.783 1.233
Decanes C10 7.084 1.490
Undecanes C11 6.256 1.315
Dodecanes C12 5.840 1.228
Tridecanes C13 5.962 1.254
Tetradecanes C14 5.847 1.229
Pentadecanes C15 4.497 0.946
Hexadecanes C16 4.330 0.911
Heptdecanes C17 3.846 0.809
Octadecanes C18 3.811 0.801
Nonadecanes C19 3.898 0.820
Eicosanes C20 2.190 0.461
Heneicosanes C21 2.690 0.566
Docosanes C22 2.030 0.427
Tricosanes C23 1.990 0.418
Tetracosanes C24 1.867 0.393
Pentacosanes C25 1.587 0.334
Hexacosanes C26 1.426 0.300
Heptacosanes C27 1.285 0.270
Octacosanes C28 1.177 0.248
Nonacosanes C29 1.064 0.224
Triacontanes C30 0.976 0.205
Hentriacontanes C31 0.866 0.182
Dotriacontanes C32 0.742 0.156
Tritriacontanes C33 0.672 0.141
Tetratriacontanes C34 0.591 0.124
Pentatriacontanes C35 0.539 0.113
Hexatriacontanes Plus C36+ 5.386 1.131
Total 100.000 100.000 100.000 100.000
Average Molecular Weight 40.39 42.89 238.3 84.0
Flash Gas-Oil Ratio, SCF/STB 1736








APPENDIX D1: DETAILED COMPOSITIONAL ANALYSIS OF 
EQUILIBRATED GAS AND LIQUID PHASES FOR GAS/OIL VOLUME RATIO 
Rv=0.850/0.150=5.667 AT 2000 PSIG AT 238°F 
Gas Phase
Flashed Gas Flashed Oil Recombined Fluid
Mole% Mole% Mole% Mole%
Hydrogen Sulphide H2S 0.000 0.000 0.000 0.000
Carbon Dioxide CO2 96.616 96.354 0.000 51.063
Nitrogen N2 0.084 0.017 0.000 0.009
Methane C1 2.820 2.124 0.000 1.126
Ethane C2 0.000 0.000 0.013 0.007
Propane C3 0.008 0.009 0.003 0.007
i-Butane iC4 0.010 0.028 0.003 0.017
n-Butane nC4 0.023 0.077 0.013 0.046
i-Pentane iC5 0.049 0.196 0.148 0.173
n-Pentane nC5 0.044 0.166 0.185 0.175
Hexanes C6 0.103 0.378 1.319 0.821
Benzene C6 0.000 0.000 0.000 0.000
Heptanes C7 0.111 0.413 4.415 2.294
Toluene C7 0.008 0.014 0.173 0.089
Octanes C8 0.117 0.196 8.530 4.112
M/P-Xylene C8 0.000 0.000 1.470 0.691
O-Xylene C8 0.000 0.000 0.418 0.196
Nonanes C9 0.007 0.028 5.829 2.755
Decanes C10 7.226 3.397
Undecanes C11 6.470 3.042
Dodecanes C12 6.068 2.852
Tridecanes C13 6.188 2.909
Tetradecanes C14 6.022 2.831
Pentadecanes C15 4.663 2.192
Hexadecanes C16 4.423 2.079
Heptdecanes C17 3.902 1.834
Octadecanes C18 3.849 1.810
Nonadecanes C19 3.809 1.790
Eicosanes C20 2.232 1.049
Heneicosanes C21 2.638 1.240
Docosanes C22 1.972 0.927
Tricosanes C23 1.918 0.901
Tetracosanes C24 1.780 0.837
Pentacosanes C25 1.520 0.715
Hexacosanes C26 1.345 0.632
Heptacosanes C27 1.205 0.566
Octacosanes C28 1.108 0.521
Nonacosanes C29 0.984 0.463
Triacontanes C30 0.903 0.424
Hentriacontanes C31 0.803 0.377
Dotriacontanes C32 0.681 0.320
Tritriacontanes C33 0.602 0.283
Tetratriacontanes C34 0.549 0.258
Pentatriacontanes C35 0.467 0.220
Hexatriacontanes Plus C36+ 4.154 1.950
Total 100.000 100.000 100.000 100.000
Average Molecular Weight 43.44 44.09 236.0 134.3
Flash Gas-Oil Ratio, SCF/STB 526








APPENDIX D2: DETAILED COMPOSITIONAL ANALYSIS OF 
EQUILIBRATED GAS AND LIQUID PHASES FOR GAS/OIL VOLUME RATIO 
Rv=0.850/0.150=5.667 AT 3000 PSIG AT 238°F 
Gas Phase
Flashed Gas Flashed Oil Recombined Fluid
Mole% Mole% Mole% Mole%
Hydrogen Sulphide H2S 0.000 0.000 0.000 0.000
Carbon Dioxide CO2 97.962 97.814 0.000 65.903
Nitrogen N2 0.050 0.029 0.000 0.019
Methane C1 1.667 1.292 0.000 0.870
Ethane C2 0.000 0.000 0.007 0.003
Propane C3 0.006 0.006 0.003 0.006
i-Butane iC4 0.007 0.011 0.002 0.009
n-Butane nC4 0.009 0.034 0.005 0.024
i-Pentane iC5 0.036 0.091 0.160 0.114
n-Pentane nC5 0.033 0.080 0.200 0.119
Hexanes C6 0.083 0.206 0.724 0.375
Benzene C6 0.000 0.000 0.000 0.000
Heptanes C7 0.093 0.269 2.636 1.041
Toluene C7 0.002 0.010 0.119 0.046
Octanes C8 0.052 0.141 5.823 1.995
M/P-Xylene C8 0.000 0.000 1.058 0.345
O-Xylene C8 0.000 0.000 0.279 0.091
Nonanes C9 0.000 0.017 4.216 1.387
Decanes C10 5.632 1.838
Undecanes C11 5.418 1.767
Dodecanes C12 5.528 1.804
Tridecanes C13 6.038 1.970
Tetradecanes C14 6.269 2.045
Pentadecanes C15 5.019 1.638
Hexadecanes C16 4.985 1.626
Heptdecanes C17 4.544 1.483
Octadecanes C18 4.584 1.496
Nonadecanes C19 4.264 1.391
Eicosanes C20 3.183 1.038
Heneicosanes C21 3.350 1.093
Docosanes C22 2.541 0.829
Tricosanes C23 2.501 0.816
Tetracosanes C24 2.305 0.752
Pentacosanes C25 2.044 0.667
Hexacosanes C26 1.790 0.584
Heptacosanes C27 1.620 0.528
Octacosanes C28 1.480 0.483
Nonacosanes C29 1.318 0.430
Triacontanes C30 1.214 0.396
Hentriacontanes C31 1.082 0.353
Dotriacontanes C32 0.917 0.299
Tritriacontanes C33 0.825 0.269
Tetratriacontanes C34 0.743 0.242
Pentatriacontanes C35 0.652 0.213
Hexatriacontanes Plus C36+ 4.922 1.603
Total 100.000 100.000 100.000 100.000
Average Molecular Weight 43.68 44.05 265.0 116.1
Flash Gas-Oil Ratio, SCF/STB 859








APPENDIX D3: DETAILED COMPOSITIONAL ANALYSIS OF 
EQUILIBRATED GAS AND LIQUID PHASES FOR GAS/OIL VOLUME RATIO 
Rv=0.850/0.150=5.667 AT 4000 PSIG AT 238°F 
Gas Phase
Flashed Gas Flashed Oil Recombined Fluid
Mole% Mole% Mole% Mole%
Hydrogen Sulphide H2S 0.000 0.000 0.000 0.000
Carbon Dioxide CO2 98.315 98.343 0.000 69.532
Nitrogen N2 0.045 0.024 0.000 0.017
Methane C1 1.218 1.044 0.000 0.739
Ethane C2 0.000 0.000 0.017 0.006
Propane C3 0.007 0.006 0.003 0.004
i-Butane iC4 0.004 0.007 0.002 0.005
n-Butane nC4 0.010 0.022 0.007 0.017
i-Pentane iC5 0.026 0.059 0.053 0.057
n-Pentane nC5 0.024 0.053 0.068 0.058
Hexanes C6 0.076 0.140 0.557 0.262
Benzene C6 0.000 0.000 0.000 0.000
Heptanes C7 0.128 0.184 1.981 0.710
Toluene C7 0.010 0.007 0.085 0.030
Octanes C8 0.110 0.097 4.297 1.328
M/P-Xylene C8 0.000 0.000 0.806 0.236
O-Xylene C8 0.000 0.000 0.228 0.067
Nonanes C9 0.027 0.014 3.133 0.928
Decanes C10 4.280 1.254
Undecanes C11 4.198 1.230
Dodecanes C12 4.458 1.306
Tridecanes C13 5.046 1.478
Tetradecanes C14 5.410 1.585
Pentadecanes C15 4.590 1.345
Hexadecanes C16 4.706 1.379
Heptdecanes C17 4.433 1.299
Octadecanes C18 4.610 1.351
Nonadecanes C19 4.853 1.422
Eicosanes C20 3.111 0.911
Heneicosanes C21 3.771 1.105
Docosanes C22 2.952 0.865
Tricosanes C23 2.968 0.869
Tetracosanes C24 2.790 0.817
Pentacosanes C25 2.533 0.742
Hexacosanes C26 2.276 0.667
Heptacosanes C27 2.083 0.610
Octacosanes C28 1.899 0.556
Nonacosanes C29 1.763 0.517
Triacontanes C30 1.623 0.475
Hentriacontanes C31 1.443 0.423
Dotriacontanes C32 1.267 0.371
Tritriacontanes C33 1.131 0.331
Tetratriacontanes C34 0.981 0.287
Pentatriacontanes C35 0.919 0.269
Hexatriacontanes Plus C36+ 8.669 2.540
Total 100.000 100.000 100.000 100.000
Average Molecular Weight 43.89 44.00 290.0 116.1
Flash Gas-Oil Ratio, SCF/STB 917








APPENDIX D4: DETAILED COMPOSITIONAL ANALYSIS OF 
EQUILIBRATED GAS AND LIQUID PHASES FOR GAS/OIL VOLUME RATIO 
Rv=0.850/0.150=5.667 AT 5000 PSIG AT 238°F 
Gas Phase
Flashed Gas Flashed Oil Recombined Fluid
Mole% Mole% Mole% Mole%
Hydrogen Sulphide H2S 0.000 0.000 0.000 0.000
Carbon Dioxide CO2 98.640 98.526 0.000 73.337
Nitrogen N2 0.032 0.013 0.000 0.009
Methane C1 0.987 0.986 0.000 0.734
Ethane C2 0.000 0.000 0.021 0.006
Propane C3 0.000 0.002 0.001 0.001
i-Butane iC4 0.003 0.006 0.002 0.004
n-Butane nC4 0.007 0.018 0.002 0.014
i-Pentane iC5 0.021 0.046 0.030 0.042
n-Pentane nC5 0.019 0.043 0.038 0.041
Hexanes C6 0.063 0.108 0.310 0.159
Benzene C6 0.000 0.000 0.000 0.000
Heptanes C7 0.108 0.150 1.430 0.478
Toluene C7 0.009 0.005 0.355 0.095
Octanes C8 0.098 0.092 3.125 0.867
M/P-Xylene C8 0.000 0.000 0.601 0.153
O-Xylene C8 0.000 0.000 0.145 0.037
Nonanes C9 0.013 0.005 2.455 0.631
Decanes C10 3.321 0.849
Undecanes C11 3.289 0.841
Dodecanes C12 3.536 0.904
Tridecanes C13 4.006 1.024
Tetradecanes C14 4.337 1.109
Pentadecanes C15 3.752 0.959
Hexadecanes C16 3.975 1.016
Heptdecanes C17 3.767 0.963
Octadecanes C18 3.979 1.017
Nonadecanes C19 4.353 1.113
Eicosanes C20 2.834 0.725
Heneicosanes C21 3.528 0.902
Docosanes C22 2.876 0.735
Tricosanes C23 2.928 0.749
Tetracosanes C24 2.816 0.720
Pentacosanes C25 2.621 0.670
Hexacosanes C26 2.422 0.619
Heptacosanes C27 2.268 0.580
Octacosanes C28 2.131 0.545
Nonacosanes C29 1.996 0.510
Triacontanes C30 1.877 0.480
Hentriacontanes C31 1.705 0.436
Dotriacontanes C32 1.492 0.381
Tritriacontanes C33 1.377 0.352
Tetratriacontanes C34 1.258 0.322
Pentatriacontanes C35 1.129 0.289
Hexatriacontanes Plus C36+ 17.912 4.582
Total 100.000 100.000 100.000 100.000
Average Molecular Weight 43.91 43.96 325.0 115.8
Flash Gas-Oil Ratio, SCF/STB 987








APPENDIX D5: DETAILED COMPOSITIONAL ANALYSIS OF 
EQUILIBRATED GAS AND LIQUID PHASES FOR GAS/OIL VOLUME RATIO 
Rv=0.850/0.150=5.667 AT 6000 PSIG AT 238°F 
Gas Phase
Flashed Gas Flashed Oil Recombined Fluid
Mole% Mole% Mole% Mole%
Hydrogen Sulphide H2S 0.000 0.000 0.000 0.000
Carbon Dioxide CO2 98.622 98.511 0.000 76.195
Nitrogen N2 0.048 0.032 0.000 0.024
Methane C1 0.940 1.060 0.000 0.819
Ethane C2 0.000 0.000 0.019 0.005
Propane C3 0.000 0.000 0.001 0.000
i-Butane iC4 0.003 0.005 0.001 0.004
n-Butane nC4 0.008 0.015 0.006 0.013
i-Pentane iC5 0.022 0.038 0.031 0.036
n-Pentane nC5 0.020 0.035 0.035 0.035
Hexanes C6 0.070 0.091 0.270 0.132
Benzene C6 0.000 0.000 0.000 0.000
Heptanes C7 0.122 0.125 1.236 0.377
Toluene C7 0.001 0.005 0.443 0.104
Octanes C8 0.108 0.074 2.391 0.599
M/P-Xylene C8 0.000 0.000 0.497 0.112
O-Xylene C8 0.000 0.000 0.126 0.028
Nonanes C9 0.036 0.009 2.006 0.461
Decanes C10 2.708 0.613
Undecanes C11 2.662 0.603
Dodecanes C12 2.888 0.655
Tridecanes C13 3.307 0.749
Tetradecanes C14 3.617 0.820
Pentadecanes C15 3.098 0.702
Hexadecanes C16 3.322 0.753
Heptdecanes C17 3.133 0.710
Octadecanes C18 3.327 0.754
Nonadecanes C19 3.687 0.835
Eicosanes C20 2.465 0.558
Heneicosanes C21 3.110 0.705
Docosanes C22 2.573 0.583
Tricosanes C23 2.667 0.604
Tetracosanes C24 2.590 0.587
Pentacosanes C25 2.493 0.565
Hexacosanes C26 2.333 0.528
Heptacosanes C27 2.231 0.506
Octacosanes C28 2.172 0.492
Nonacosanes C29 2.080 0.471
Triacontanes C30 2.012 0.456
Hentriacontanes C31 1.823 0.413
Dotriacontanes C32 1.682 0.381
Tritriacontanes C33 1.575 0.357
Tetratriacontanes C34 1.440 0.326
Pentatriacontanes C35 1.331 0.302
Hexatriacontanes Plus C36+ 26.612 6.028
Total 100.000 100.000 100.000 100.000
Average Molecular Weight 43.96 43.90 360.0 115.5
Flash Gas-Oil Ratio, SCF/STB 1045








APPENDIX E1: DETAILED COMPOSITIONAL ANALYSIS OF 
EQUILIBRATED GAS AND LIQUID PHASES FOR GAS/OIL VOLUME RATIO 
Rv=0.450/0.550=0.81) AT 2000 PSIG AT 238°F 
Gas Phase
Flashed Gas Flashed Oil Recombined Fluid
Mole% Mole% Mole% Mole%
Hydrogen Sulphide H2S 0.000 0.000 0.000 0.000
Carbon Dioxide CO2 86.675 89.610 0.000 47.194
Nitrogen N2 0.107 0.040 0.000 0.021
Methane C1 12.476 8.227 0.000 4.333
Ethane C2 0.000 0.000 0.011 0.007
Propane C3 0.008 0.016 0.002 0.008
i-Butane iC4 0.017 0.050 0.009 0.030
n-Butane nC4 0.041 0.144 0.033 0.092
i-Pentane iC5 0.084 0.321 0.275 0.299
n-Pentane nC5 0.071 0.262 0.318 0.289
Hexanes C6 0.164 0.539 2.008 1.235
Benzene C6 0.000 0.000 0.000 0.000
Heptanes C7 0.196 0.513 5.789 3.011
Toluene C7 0.010 0.015 0.242 0.122
Octanes C8 0.120 0.223 9.434 4.582
M/P-Xylene C8 0.000 0.000 1.613 0.764
O-Xylene C8 0.000 0.000 0.472 0.223
Nonanes C9 0.031 0.040 6.119 2.917
Decanes C10 7.321 3.465
Undecanes C11 6.323 2.993
Dodecanes C12 5.750 2.722
Tridecanes C13 5.785 2.738
Tetradecanes C14 5.548 2.626
Pentadecanes C15 4.315 2.043
Hexadecanes C16 4.067 1.925
Heptdecanes C17 3.583 1.696
Octadecanes C18 3.520 1.667
Nonadecanes C19 3.467 1.641
Eicosanes C20 2.069 0.979
Heneicosanes C21 2.402 1.137
Docosanes C22 1.822 0.862
Tricosanes C23 1.760 0.833
Tetracosanes C24 1.617 0.766
Pentacosanes C25 1.404 0.665
Hexacosanes C26 1.238 0.586
Heptacosanes C27 1.111 0.526
Octacosanes C28 1.015 0.480
Nonacosanes C29 0.909 0.430
Triacontanes C30 0.833 0.394
Hentriacontanes C31 0.725 0.343
Dotriacontanes C32 0.631 0.299
Tritriacontanes C33 0.558 0.264
Tetratriacontanes C34 0.496 0.235
Pentatriacontanes C35 0.455 0.215
Hexatriacontanes Plus C36+ 4.951 2.343
Total 100.000 100.000 100.000 100.000
Average Molecular Weight 40.85 42.61 220.5 126.8
Flash Gas-Oil Ratio, SCF/STB 556








APPENDIX E2: DETAILED COMPOSITIONAL ANALYSIS OF 
EQUILIBRATED GAS AND LIQUID PHASES FOR GAS/OIL VOLUME RATIO 
Rv=0.450/0.550=0.818 AT 3000 PSIG AT 238°F 
Gas Phase
Flashed Gas Flashed Oil Recombined Fluid
Mole% Mole% Mole% Mole%
Hydrogen Sulphide H2S 0.000 0.000 0.000 0.000
Carbon Dioxide CO2 90.069 91.998 0.000 60.436
Nitrogen N2 0.099 0.053 0.000 0.035
Methane C1 8.882 6.160 0.000 4.047
Ethane C2 0.000 0.000 0.016 0.005
Propane C3 0.006 0.011 0.001 0.007
i-Butane iC4 0.015 0.033 0.003 0.023
n-Butane nC4 0.038 0.093 0.012 0.065
i-Pentane iC5 0.086 0.234 0.119 0.194
n-Pentane nC5 0.075 0.197 0.150 0.181
Hexanes C6 0.198 0.455 1.190 0.707
Benzene C6 0.000 0.000 0.000 0.000
Heptanes C7 0.271 0.485 4.191 1.757
Toluene C7 0.017 0.015 0.158 0.064
Octanes C8 0.179 0.223 7.971 2.882
M/P-Xylene C8 0.000 0.000 1.410 0.483
O-Xylene C8 0.000 0.000 0.396 0.135
Nonanes C9 0.065 0.043 5.499 1.915
Decanes C10 7.015 2.407
Undecanes C11 6.383 2.190
Dodecanes C12 6.003 2.059
Tridecanes C13 6.318 2.168
Tetradecanes C14 6.095 2.091
Pentadecanes C15 4.762 1.634
Hexadecanes C16 4.482 1.538
Heptdecanes C17 3.963 1.360
Octadecanes C18 3.913 1.343
Nonadecanes C19 3.903 1.339
Eicosanes C20 2.274 0.780
Heneicosanes C21 2.706 0.928
Docosanes C22 2.040 0.700
Tricosanes C23 1.991 0.683
Tetracosanes C24 1.815 0.623
Pentacosanes C25 1.593 0.547
Hexacosanes C26 1.423 0.488
Heptacosanes C27 1.268 0.435
Octacosanes C28 1.158 0.397
Nonacosanes C29 1.031 0.354
Triacontanes C30 0.960 0.329
Hentriacontanes C31 0.829 0.284
Dotriacontanes C32 0.722 0.248
Tritriacontanes C33 0.639 0.219
Tetratriacontanes C34 0.571 0.196
Pentatriacontanes C35 0.513 0.176
Hexatriacontanes Plus C36+ 4.514 1.548
Total 100.000 100.000 100.000 100.000
Average Molecular Weight 41.99 43.08 231.5 107.7
Flash Gas-Oil Ratio, SCF/STB 911








APPENDIX E3: DETAILED COMPOSITIONAL ANALYSIS OF 
EQUILIBRATED GAS AND LIQUID PHASES FOR GAS/OIL VOLUME RATIO 
Rv=0.450/0.550=0.818 AT 4000 PSIG AT 238°F 
Gas Phase
Flashed Gas Flashed Oil Recombined Fluid
Mole% Mole% Mole% Mole%
Hydrogen Sulphide H2S 0.000 0.000 0.000 0.000
Carbon Dioxide CO2 92.446 92.653 0.000 67.281
Nitrogen N2 0.048 0.032 0.000 0.024
Methane C1 6.669 5.677 0.000 4.122
Ethane C2 0.000 0.000 0.014 0.004
Propane C3 0.008 0.009 0.001 0.006
i-Butane iC4 0.016 0.030 0.003 0.023
n-Butane nC4 0.037 0.073 0.013 0.056
i-Pentane iC5 0.077 0.191 0.118 0.171
n-Pentane nC5 0.069 0.164 0.147 0.159
Hexanes C6 0.175 0.401 1.187 0.616
Benzene C6 0.000 0.000 0.000 0.000
Heptanes C7 0.243 0.465 4.182 1.483
Toluene C7 0.014 0.018 0.046 0.025
Octanes C8 0.159 0.234 7.991 2.359
M/P-Xylene C8 0.000 0.000 1.451 0.397
O-Xylene C8 0.000 0.000 0.424 0.116
Nonanes C9 0.039 0.053 5.625 1.579
Decanes C10 7.060 1.934
Undecanes C11 6.310 1.728
Dodecanes C12 5.910 1.618
Tridecanes C13 6.129 1.679
Tetradecanes C14 5.979 1.637
Pentadecanes C15 4.600 1.260
Hexadecanes C16 4.402 1.205
Heptdecanes C17 3.907 1.070
Octadecanes C18 3.869 1.060
Nonadecanes C19 3.858 1.056
Eicosanes C20 2.284 0.625
Heneicosanes C21 2.712 0.743
Docosanes C22 2.030 0.556
Tricosanes C23 1.998 0.547
Tetracosanes C24 1.861 0.510
Pentacosanes C25 1.591 0.436
Hexacosanes C26 1.415 0.387
Heptacosanes C27 1.284 0.352
Octacosanes C28 1.169 0.320
Nonacosanes C29 1.056 0.289
Triacontanes C30 0.965 0.264
Hentriacontanes C31 0.855 0.234
Dotriacontanes C32 0.739 0.202
Tritriacontanes C33 0.654 0.179
Tetratriacontanes C34 0.591 0.162
Pentatriacontanes C35 0.514 0.141
Hexatriacontanes Plus C36+ 5.056 1.385
Total 100.000 100.000 100.000 100.000
Average Molecular Weight 42.55 43.18 234.0 95.4
Flash Gas-Oil Ratio, SCF/STB 1248








APPENDIX E4: DETAILED COMPOSITIONAL ANALYSIS OF 
EQUILIBRATED GAS AND LIQUID PHASES FOR GAS/OIL VOLUME RATIO 
Rv=0.450/0.550=0.818 AT 5000 PSIG AT 238°F 
Gas Phase
Flashed Gas Flashed Oil Recombined Fluid
Mole% Mole% Mole% Mole%
Hydrogen Sulphide H2S 0.000 0.000 0.000 0.000
Carbon Dioxide CO2 95.009 93.121 0.000 72.017
Nitrogen N2 0.050 0.037 0.000 0.029
Methane C1 4.419 5.392 0.000 4.170
Ethane C2 0.000 0.000 0.029 0.007
Propane C3 0.003 0.007 0.004 0.007
i-Butane iC4 0.008 0.024 0.005 0.020
n-Butane nC4 0.022 0.065 0.016 0.054
i-Pentane iC5 0.050 0.169 0.107 0.155
n-Pentane nC5 0.044 0.147 0.136 0.145
Hexanes C6 0.117 0.371 1.176 0.554
Benzene C6 0.000 0.000 0.000 0.000
Heptanes C7 0.157 0.424 4.103 1.258
Toluene C7 0.008 0.014 0.076 0.028
Octanes C8 0.089 0.194 7.589 1.870
M/P-Xylene C8 0.000 0.000 1.353 0.306
O-Xylene C8 0.000 0.000 0.365 0.083
Nonanes C9 0.024 0.035 5.415 1.253
Decanes C10 6.700 1.518
Undecanes C11 6.016 1.363
Dodecanes C12 5.710 1.294
Tridecanes C13 5.873 1.331
Tetradecanes C14 5.738 1.301
Pentadecanes C15 4.458 1.010
Hexadecanes C16 4.306 0.976
Heptdecanes C17 3.824 0.866
Octadecanes C18 3.795 0.860
Nonadecanes C19 3.653 0.828
Eicosanes C20 2.405 0.545
Heneicosanes C21 2.689 0.609
Docosanes C22 2.023 0.459
Tricosanes C23 2.004 0.454
Tetracosanes C24 1.855 0.420
Pentacosanes C25 1.618 0.367
Hexacosanes C26 1.450 0.329
Heptacosanes C27 1.297 0.294
Octacosanes C28 1.194 0.270
Nonacosanes C29 1.081 0.245
Triacontanes C30 1.000 0.227
Hentriacontanes C31 0.868 0.197
Dotriacontanes C32 0.770 0.174
Tritriacontanes C33 0.666 0.151
Tetratriacontanes C34 0.598 0.136
Pentatriacontanes C35 0.546 0.124
Hexatriacontanes Plus C36+ 7.489 1.696
Total 100.000 100.000 100.000 100.000
Average Molecular Weight 43.02 43.17 242.1 88.3
Flash Gas-Oil Ratio, SCF/STB 1553








APPENDIX E5: DETAILED COMPOSITIONAL ANALYSIS OF 
EQUILIBRATED GAS AND LIQUID PHASES FOR GAS/OIL VOLUME RATIO 
Rv=0.450/0.550=0.818 AT 6000 PSIG AT 238°F 
Flashed Gas Flashed Cond. Recombined Fluid. Flashed Gas Flashed Oil Recombined Fluid
Mole% Mole% Mole% Mole% Mole% Mole%
Hydrogen Sulphide H2S 0.000 0.000 0.000 0.000 0.000 0.000
Carbon Dioxide CO2 93.973 0.000 88.638 94.846 0.000 78.022
Nitrogen N2 0.043 0.000 0.041 0.022 0.000 0.018
Methane C1 4.991 0.000 4.709 3.998 0.000 3.289
Ethane C2 0.000 0.015 0.001 0.000 0.020 0.003
Propane C3 0.005 0.001 0.005 0.006 0.001 0.005
i-Butane iC4 0.012 0.003 0.011 0.017 0.003 0.015
n-Butane nC4 0.032 0.008 0.030 0.045 0.010 0.039
i-Pentane iC5 0.084 0.060 0.083 0.121 0.099 0.117
n-Pentane nC5 0.073 0.072 0.073 0.106 0.126 0.109
Hexanes C6 0.212 1.334 0.275 0.277 1.075 0.418
Benzene C6 0.000 0.000 0.000 0.000 0.000 0.000
Heptanes C7 0.320 2.980 0.471 0.336 3.972 0.981
Toluene C7 0.016 0.205 0.027 0.012 0.153 0.037
Octanes C8 0.197 7.530 0.613 0.185 7.530 1.488
M/P-Xylene C8 0.000 1.653 0.094 0.000 1.364 0.242
O-Xylene C8 0.000 0.500 0.028 0.000 0.387 0.069
Nonanes C9 0.042 6.965 0.435 0.029 5.362 0.975
Decanes C10 9.448 0.536 6.621 1.175
Undecanes C11 8.668 0.492 5.907 1.048
Dodecanes C12 7.696 0.437 5.547 0.984
Tridecanes C13 7.739 0.439 5.740 1.018
Tetradecanes C14 7.097 0.403 5.609 0.995
Pentadecanes C15 5.407 0.307 4.453 0.790
Hexadecanes C16 4.782 0.271 4.275 0.758
Heptdecanes C17 4.080 0.232 3.804 0.675
Octadecanes C18 3.895 0.221 3.794 0.673
Nonadecanes C19 3.594 0.204 3.863 0.685
Eicosanes C20 2.070 0.117 2.266 0.402
Heneicosanes C21 2.266 0.129 2.742 0.486
Docosanes C22 1.631 0.093 2.093 0.371
Tricosanes C23 1.535 0.087 2.054 0.364
Tetracosanes C24 1.357 0.077 1.926 0.342
Pentacosanes C25 1.130 0.064 1.688 0.299
Hexacosanes C26 0.927 0.053 1.488 0.264
Heptacosanes C27 0.794 0.045 1.356 0.241
Octacosanes C28 0.706 0.040 1.254 0.223
Nonacosanes C29 0.595 0.034 1.141 0.202
Triacontanes C30 0.532 0.030 1.052 0.187
Hentriacontanes C31 0.439 0.025 0.921 0.163
Dotriacontanes C32 0.365 0.021 0.826 0.146
Tritriacontanes C33 0.313 0.018 0.723 0.128
Tetratriacontanes C34 0.266 0.015 0.642 0.114
Pentatriacontanes C35 0.218 0.012 0.589 0.104
Hexatriacontanes Plus C36+ 1.124 0.064 7.524 1.336
Total 100.000 100.000 100.000 100.000 100.000 100.000
43.11 198.4 51.9 43.43 250.8 80.2
9072 2037
Properties of Heptanes Plus (C7+) Recombined Fluid
Mole% 6.134 17.965
Molecular Weight 191.9 249.3
Average Molecular Weight
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